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ABSTRACT 

 

B.J.H Kuipers Aggregation of peptides in soy protein isolate hydrolysates 

The individual contributions of glycinin- and β-conglycinin-derived peptides 

Ph.D. Thesis Wageningen University, Wageningen, The Netherlands, 2007 

Keywords: Soy proteins, glycinin, β-conglycinin, enzymatic hydrolysis, peptides, 
aggregation, gelation, identification, mass-spectrometry, mapping  

 
The aim of the work presented in this thesis is to understand how limited enzymatic 
hydrolysis can influence the aggregation behavior of soy protein material. This is performed 
by uncoupling the enzymatic degradation and the aggregation process. Subsequently, the 
regions in soy proteins from which the aggregating peptides originate were identified. 
Hydrolysates of soy protein isolates (SPI) were prepared using the protease subtilisin 
Carlsberg. The enzyme was inhibited when the desired degree of hydrolysis (DH) was 
reached. It was shown that with increasing DH, the pH at which a gel could be formed was 
increasing as well. The aggregation behavior of SPI, glycinin- and β-conglycinin-derived 
hydrolysates showed that glycinin-derived peptides are responsible for the aggregation of SPI-
derived peptides. This was also found when glycinin was hydrolyzed with other enzymes 
(bromelain, papain, and chymotrypsin) using SPI, β-conglycinin, and bovine whey proteins as 
reference materials. Only hydrolysis of glycinin by trypsin did not result in strong aggregating 
peptides. 
Subsequently, a new method was developed, denoted accumulative-quantitative-peptide-
mapping. This method reveals those regions in the parental protein from which the 
aggregating peptides originate. This method comprises a second hydrolysis of the aggregating 
peptides, followed by separation, identification, and quantification of individual peptides 
obtained. Quantification was performed based on absorbance at 214 nm, corrected for the 
calculated molar extinction coefficient based on the amino acid composition. This novel 
method revealed that mainly the basic polypeptide and that part of the acidic polypeptide 
close to the location of the disulfide bridge connecting the basic to the acidic polypeptide, are 
the predominant regions of glycinin yielding aggregating peptides. These regions have a 
relative high hydrophobicity compared to that of the total protein. Upon hydrolysis the net 
hydrophobicity of the remaining glycinin is increasing, eventually resulting in aggregation 
and subsequent gelation. 
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Chapter 1 

INTRODUCTION  

Soybeans and soy products, such as soymilk, tofu, soy sauce and tempeh, are common in Asia 
since the ancient times. In Europe and the USA, the use of soybeans is common since a few 
decennia, due to the use of soybean oil for frying oils and margarines. The side stream of the 
oil production, the defatted soybean meal, was primarily used as protein source for animal 
feeds. The low price of the side products and good nutritional quality of the constituents 
triggered the food industry to focus on the application of soy proteins in food formulations. 
Due to advances in soy processing technology this resulted in new food products (e.g. soy 
based meat and dairy analogs) and new ingredients (soy isolates and concentrates) that can 
perform several functional properties in food systems (1, 2).  
One of the processing treatments of soy proteins to improve its use as a functional ingredient 
in food systems is enzymatic hydrolysis. This may improve the solubility, emulsifying and 
foaming properties of soy protein preparations (3, 4). Another functional property of soy 
proteins are their gelling properties, which contributes to the texture of the food system (5, 6). 
The present study was initiated with the aim to understand how limited hydrolysis can 
strengthen the aggregation behavior of soy proteins. More particular, it is focused on the 
contribution of the individual storage proteins and the regions of these proteins from which 
peptides originate that have strong aggregating properties. 

 

SOY PROTEINS 

Proteins are the main constituents of soybeans, constituting on average 40 % of the dry 
matter. Based on their biological functions in plants, seed proteins can be classified into two 
groups: metabolic proteins and storage proteins. The metabolic proteins are active in the 
normal cellular activities, including the synthesis of the storage proteins. The storage proteins 
provide a source of nitrogen and carbon for the development of the seedling during 
germination (2).  
Based on their sedimentation coefficients, when dissolved in a pH 7.6, 0.4 M sodium-
phosphate buffer containing 0.01 M mercaptoethanol, soybean proteins can be classified into 
2S (13-18 %), 7S (30-46 %), 11S (36-53 %), and 15 S (0-4 %) proteins (7). The 11S and 15S 
fractions consist of glycinin and glycinin polymers, respectively (8). The 7S fraction is more 
heterogeneous, but the majority is β-conglycinin, which is next to glycinin the major storage 
protein present in soybeans (9). The 2S fraction consists of Bowman-Birk and Kunitz trypsin 
inhibitors, cytochrome C, and α-conglycinin (8, 10). The above nomenclature based on 
sedimentation constants has been used a lot in literature. However, these constants largely 
depend on the conditions of solubilization (buffer, ionic strength, and pH). Nowadays, based 
on the known DNA sequences of the soybean proteins, soybean proteins can be classified 
based on their genes encoding for glycinin, β-conglycinin, and the other proteins present in 
soybeans. As stated above, glycinin and β-conglycinin are the two main storage proteins of 
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soybeans, in which glycinin is in general present in a higher proportion. The ratio glycinin/β-
conglycinin was observed to vary from 1.31 to 2.45 based on densitometric analysis of SDS-
PAGE gels of various soybean cultivars (11-13). 
 
Soy glycinin 

In total, 6 different glycinin genes have been identified from soybeans. These are Gy1 to Gy5 
and Gy7, representing the glycinin subunits G1 to G5 and G7, respectively. The G7 subunit 
has been recently identified (14) and is related to the other five soybean subunits. It is poorly 
expressed and, therefore, not further taken into account in this study. With the exception of 
G4 each glycinin subunit consists of one acidic (A) and one basic (B) polypeptide, which are 
connected with a disulfide bridge (Figure 1). For the 5 major glycinin subunits 6 different 
acidic (A1a, A2, A1b, A5, A4 and A3) and 5 basic (B2, B1a, B1b, B3 and B4) polypeptides 
have been identified (15). The A4 polypeptide of G4 is the only acidic polypeptide not 
covalently linked to a basic polypeptide. The molecular masses of the basic polypeptide are 
around 20 kDa, while those of the acidic polypeptides vary between 10.5 and 36.4 kDa. In 
Figure 1 the details of the different subunits are given. 
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Figure 1: Schematic overview of the five major glycinin subunits and their corresponding 
polypeptides with molecular masses and number of amino acids (a.a.) per chain. The grey lines 
represent the disulfide bridge connecting the acidic and basic polypeptide. 
 
The 5 subunits can be divided into two subfamilies that are designated as Group-I (G1, G2, 
and G3) and Group-II (G4 and G5) (16, 17). Homologies between members of the same 
group range from 80 to 90 %, and between the groups the homology is less than 50 % (15).  
Figure 2 shows the hydrophobicity, according to Eisenberg (18), of Group-I and Group-II 
glycinins as a function of their amino acid sequence.  The amino acid sequences as present in 
Swiss-Prot (www.expasy.org) with the following primary accession numbers: P04776 (G1), 
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P04405 (G2), P11828 (G3), P02858 (G4), and P04347 (G5), were used for the plots. The 
calculations were performed using the ProtScale software from the Swiss Institute of 
Bioinformatics (www.expasy.org), using a “window size” of 15 (= peptide range over which 
the average hydrophobic score is calculated). In Figure 2, Glycinin 2 and 3 are aligned to 
Glycinin 1, and Glycinin 5 is aligned to Glycinin 4. In the aligned graphs the cysteines 
participating in the disulfide bridge are at the same position. Regions in the amino acid 
sequence in which the hydrophobicity score is above 0 are regarded as being hydrophobic 
regions of the protein. The dotted line represents the location of the disulfide bridge that 
connects the acidic and the basic polypeptide. It can be seen that the hydrophobicity scores of 
the basic polypeptides are higher than that of the acidic polypeptides, indicating that the basic 
polypeptides are more hydrophobic than the acidic polypeptides. The high similarity in 
hydrophobicity distribution along the peptide chains between subunits within one group (80-
90%) reflects the high sequence homology within each group. Between the two groups there 
is also some homology, but it is lower than 50 % (15). 

 
Figure 2: Hydrophobicity score of glycinin according to Eisenberg (18) for Group I (G1 (——) G2 
(——) and G3 (— —), and Group II (G4 (——) and G5 (——)). The dotted lines represent the 
location of the disulfide bridges between the acidic and basic polypeptides. 
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At ambient temperatures and pH 7.6 (I = 0.5 M), glycinin is present as hexamers (11S) with 
molecular masses of about 300-360 kDa, while at pH 3.8 glycinin is present as trimers (7S). 
Lowering the ionic strength at neutral pH from 0.5 to below 0.1 M, also induces dissociation 
of 11S glycinin into 7S glycinin (19). Figure 3 shows the crystal structure of a glycinin trimer 
(20). The core of the subunit consists of two jelly-roll β-barrels and two extended helix 
domains. These helix domains stack on the helix domains of the adjacent glycinin subunit. 
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Figure 3: Crystal structure of three subunits in the Glycinin G1 trimer. The yellow dots represent 
disulfide bridges. The arrows indicate the disulfide bridge that connects the acidic and basic 
polypeptide. Reprinted from Adachi and co-workers 2001 (20), with permission from Elsevier. 
 
Soy β-conglycinin 

β-Conglycinin is a glycoprotein consisting of three different subunits, α, α', and β (21) as 
presented in Figure 4. The α and α’ subunit have masses of 63.5 and 67.2 kDa, respectively, 
whereas the β-subunit has a lower mass of 47.8 kDa. The α and α’ subunits each contain two, 
and the β subunit contains one carbohydrate chain attached to asparagine. The carbohydrate 
chain can vary in length. The difference is in the number of mannose units. In total 9 to 11 
monosaccharides constitute the carbohydrate chain ((GlcNAc)2-(Man)7-9) (22, 23). As a trimer 
(7S), β-conglycinin can exist in seven different combinations (βββ, ββα', ββα, βαα', βαα, ααα', 
and ααα) (24, 25).  
 

α 63.5 kDa

α’ 67.2 kDa

β 47.8 kDa

GG GG

GG

GG GG
543 a.a.

577 a.a.

414 a.a.

α 63.5 kDa

α’ 67.2 kDa

β 47.8 kDa

GG GG

GG

GG GG
α 63.5 kDa

α’ 67.2 kDa

β 47.8 kDa

GG GG

GG

GG GG
543 a.a.

577 a.a.

414 a.a.

 
Figure 4: Schematic overview of β-conglycinin subunits and the number of amino acids (a.a.) per 
subunit. The molecular masses are only based on the polypeptide chain. The glycosylation sites are 
indicated with a G. 
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Figure 5 shows the hydrophobicity plots of the α-, α’-, and β-subunits of β-conglycinin, 
similar to the plots of glycinin in Figure 2. The amino acid sequences, as present in Swiss-
Prot (www.expasy.org), with the following primary accession numbers were used: P13916 (α-
subunit), P11827 (α’-subunit), and P25974 (β-subunit). The α’- and β-subunit are aligned to 
the α-subunit. In the aligned graph the glycosylation sites that are the closest to the C-
terminus are at the same position as indicated with the arrow. It can be seen that there is a 
high homology between the different β-conglycinin subunits, with the main difference that the 
β-subunit is shorter, and does not contain the highly hydrophilic N-terminal extension.  

 
Figure 5: Hydrophobicity score of β-conglycinin according to Eisenberg (18) for the α-subunit (——
), α’-subunit (— —), and the β-subunit (——). The arrow points out the position of the glycosylation 
site to which the chains are aligned. 
 

ENZYMATIC HYDROLYSIS OF SOY PROTEINS 

To use soy proteins in food applications, depending on the application, the proteins must 
possess appropriate functional properties such as solubility, emulsifying, foaming or gelling 
properties (26, 27). Hydrolysis of proteins is known to be a means to improve these functional 
properties (3, 4, 28).  
The extent to which the functional properties of a protein preparation may be altered by 
hydrolysis is dependent on the degree to which the protein has been hydrolyzed (degree of 
hydrolysis; DH). Even more important are the positions at which the protease can cleave 
(specificity) and will cleave (selectivity). For a protein or a protein preparation the DH is 
defined as the number of peptide bonds cleaved (h) divided by total number of peptide bonds 
present (htot): 
 

%100xDH
toth
h

=           [1] 
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The three most common methods to determine the DH, are the TNBS (29), OPA (30, 31), and 
pH-stat method (28). The OPA and TNBS methods are both based on a reaction with the 
primary amino groups, of which the number is increasing with increasing DH. At slightly 
alkaline pH the pH-stat method is based on the net release of protons during the hydrolysis 
into the surrounding medium, leading to a decrease in pH. The number of peptide bonds 
cleaved can be determined from the amount of base required to maintain a constant pH during 
the enzymatic reaction using Formula 2: 
 

%100x1x
MP
1x1xNxBDH b

tothα
=        [2] 

 
Where B is the base consumption (mL), Nb is the normality of the base (M), α the average 
degree of dissociation of the α-NH2 groups, MP the mass of the protein being hydrolyzed (g) 
and htot the total number of peptide bonds in the protein substrate (meqv g-1 protein). The 
advantage of the pH-stat method over the OPA and TNBS methods is that with the pH-stat 
method the DH can be followed in time during the hydrolysis. To stop the reaction the 
enzyme has to be inactivated. This can be performed by changing the pH, heating the 
hydrolysate to denature the enzyme, or by the addition of an enzyme inhibitor (32). 
The position in a protein at which a protease can cleave depends on the specificity of the 
enzyme. Whether a cleavable peptide bond will actually be cleaved depends on the 
susceptibility of the peptide bond and the selectivity of the enzyme. With susceptibility, the 
possibility at which the peptide bond can be reached by the enzyme physically in meant.  
With selectivity of the enzyme the preference is meant for peptide bonds that are equally 
susceptible. 
Specificity is a characteristic of the enzyme since the reaction takes place in a particular 
region of the enzyme, the active site. The active site is able to recognize and bind to the 
substrate due to structural complementarities between amino acid residues in the substrate and 
amino acid residues in the vicinity of the active site. Proteases with a narrow specificity have 
high interaction requirements and, therefore, only recognize a narrow range of peptide bonds. 
Proteases with a broad specificity have flexible interaction requirements. As a consequence 
those proteases recognize a wider range of peptide bonds (33). In the protein substrate, 
structural complementarities with the enzyme are ensured by the amino acid residues that are 
at the carboxyl side of the cleaved peptide bond, denoted Pn, and those at the amino side of 
the cleaved peptide bond P’n (32). 
In literature quite some information can be found about the influence of enzymatic hydrolysis 
on for example the solubility or aggregation of soy proteins (34-39). Due to different 
hydrolysis parameters in these studies (e.g. type of enzyme, pH, and substrate pretreatment) 
differences in specificity and selectivity can be expected. 
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General introduction 

AGGREGATION OF SOY PROTEIN HYDROLYSATES 

In general, hydrolysis is assumed to be unfavorable for the gelling properties of proteins. This 
is because it increases the number of charged groups and reduces the molecular weight, which 
hamper gelation (52, 53). On the other hand, the structure of the protein is altered during 
hydrolysis and buried hydrophobic groups become exposed, which might result in aggregate 
formation. Two well known enzyme-induced aggregation systems, with enzymes having 
narrow specificity, are the aggregation of casein upon hydrolysis with chymosin in the cheese 
processing (54), and the aggregation of fibrin that is formed upon hydrolysis of fibrinogen by 
trombin in the process of blood platelet aggregation (55). Also in bovine whey and soy 
systems, hydrolysis has been observed to enhance the gelling properties of the protein, which 
receives quite some attention in literature and is referred to as enzyme-induced aggregation 
(33, 37, 48, 49, 56-58). 
 

Enzyme-induced aggregation of soy proteins 

Table 1 gives an overview of research performed in the field of enzyme-induced aggregation 
of soy proteins. It can be observed that a lot of research is performed with soymilk as a 
substrate for enzyme-induced aggregation as a means to produce curd for tofu. In general, 
these studies aimed at improving the texture of tofu or finding new enzyme preparations that 
can induce aggregation. Enzyme-induced aggregation results in a more smooth texture when 
compared to other aggregation methods, such as acid or calcium-induced aggregation (40, 
43). It was shown that many different commercial available proteases have the property to 
induce aggregation of soy proteins (38, 41, 42). 
There are three enzymes, originating from micro organisms that have been studied more 
intensively with respect to their ability to induce aggregation of soy proteins. These are 
Bacillus sp. K-295 G-7 protease (44-46), Bacillus pumilus TYO-67 protease (47, 48) and 
subtilisin Carlsberg from Bacillus licheniformis (50, 51).  These Bacillus sp. enzymes are all 
serine proteases, having a quite similar, but not identical, specificity towards the Insulin B 
Chain (48) as can be observed in Figure 6. Enzyme II from Bacillus sp. K-295 G-7 shows the 
strongest deviation from the other enzymes. 
 

1    5     10     15     20     25     30Insulin B-chain: 
F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K A

B. Pumilus(48)                               

S. Carlsberg (59)                               

K-295 G-7 Enz. I (46)                               

K-295 G-7 Enz. II (46)                               

Figure 6: Comparison of the cleavage sites (indicated by the arrows) of oxidized insulin B-chain 
treated with different Bacillus sp.-derived proteases having the property to induce aggregation of soy 
proteins (adapted from Aoyama (48)). 
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The observed differences in specificity in Figure 6 have also been observed in the degradation 
of the different polypeptides of glycinin. The Bacillus pumilus TY-67 protease was not able to 
degrade the basic polypeptide of glycinin, whereas this polypeptide was degraded upon 
hydrolysis with subtilisin Carlsberg (48).  
Nagai and Inouye (51) proposed a mechanism for the enzyme-induced aggregation of soy 
proteins. During the first stage of hydrolysis, the hydrophilic surface areas of the proteins are 
degraded, not resulting in aggregation. In the second stage of the hydrolysis the hydrophobic 
core of the protein is cleaved. This results in a strong decomposition of the tertiary structure 
of the proteins followed by aggregation due to hydrophobic interactions.  
Next to proteases from micro-organisms, also proteases from plants have the ability to induce 
aggregation of soy proteins. Bromelain, from pineapple, can induce aggregation of soy 
proteins (39, 49). Papain, from papaya, was also shown to be able to induce aggregation of 
glycinin (37). In the bromelain-induced aggregation of soy protein isolate (SPI), glycinin 
appeared to be responsible for the enzyme-induced aggregation in SPI. In the same study it 
was also shown that the acidic polypeptide from glycinin was degraded faster compared to the 
basic polypeptide(39). The driving force in the aggregation of soy peptides after hydrolysis 
with bromelain or papain appeared to be mainly hydrophobic interactions (37, 39). 
 

Acid-induced aggregation of hydrolysates 

In all the studies presented in Table 1, the aggregation coincides with the enzymatic 
hydrolysis. If no pH-stat setup is used this hydrolysis results in a decrease in pH (38). So, in 
these studies two aggregation promoting effects play a role at the same time. On the one hand 
the formation of peptides that have a stronger tendency to aggregate compared to the parental 
protein, and on the other hand a decrease in pH towards the pI of the protein, which may also 
promote aggregate formation.  
This standard approach, as presented in Figure 7, makes it difficult to study the aggregation of 
a hydrolysate with a fixed DH as a function of pH. Up till now, a relation between enzyme-
induced aggregation and DH is only found indirectly. This is done by varying the 
enzyme/protein ratio or by varying the incubation time. To study the aggregation of a protein 
hydrolysate as a function of pH with a controlled DH, an alternative approach has to be used 
in which the aggregation is uncoupled from a change in pH. Such an approach is presented in 
Figure 7. This approach will be used in this thesis. When using a pH-stat set-up at pH 8.0 
degradation of the protein occurs upon the addition of a protease. At this pH no (extensive) 
aggregation takes place. At each desired DH the hydrolysis can be stopped by using a 
chemical inhibitor. When the pH of this hydrolysate is subsequently decreased, aggregation 
occurs. Consequently, the change in aggregation behavior as a function of pH can be studied 
and compared to the aggregation behavior of the parental protein. In this alternative approach 
not the enzyme-induced aggregation is studied, as in the standard approach, but the acid-
induced aggregation of peptides. 
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Standard Approach: Enzyme-induced aggregation of soy proteins

Protein Aggregation Gelation

Proteolysis

Protein GelationAggregation

Proteolysis

Alternative Approach: Acid-induced gelation of soy protein hydrolysates

pH ↓
DH ↑

DH ↑ pH ↓

Inhibition

Standard Approach: Enzyme-induced aggregation of soy proteins

Protein Aggregation Gelation

Proteolysis

Protein GelationAggregation

Proteolysis

Alternative Approach: Acid-induced gelation of soy protein hydrolysates

pH ↓
DH ↑

DH ↑ pH ↓

Inhibition

 
 
Figure 7: Schematic representation of two approaches to study the influence of hydrolysis on 
aggregation: Enzyme-induced aggregation of proteins (Standard Approach) and acid-induced 
aggregation of protein hydrolysates (Alternative Approach). 
 

AIM AND SETUP OF THIS THESIS 

The aim of the work presented in this thesis is to understand how limited hydrolysis can 
strengthen the aggregation behavior of soy protein material, with a focus on the individual 
contribution of the storage proteins glycinin and β-conglycinin. This is done by uncoupling 
the enzymatic degradation and aggregation. Subsequently, it is focused on the identification 
of those regions in soy proteins from which peptides originate that have strong aggregating 
properties. 
In Chapter 2 it is described how the onset-pH of gelation of soy protein isolates, hydrolyzed 
with subtilisin Carlsberg, changes as a function of pH and ionic strength. Chapter 3 
elucidates the contribution of glycinin and β-conglycinin-derived peptides to the gelation of 
soy protein hydrolysates. Chapter 4 describes how other enzymes than subtilisin Carlsberg, 
namely papain, bromelain, chymotrypsin, and trypsin change the aggregation behavior of SPI, 
glycinin, and β-conglycinin.  
Chapter 5, 6, and 7 together present a new approach to characterize those regions in soy 
proteins from which peptides originate that have strong aggregating properties. In Chapter 5 
data are presented for the prediction of the absorbance of peptides at 214 nm based on their 
individual amino acid sequences. Chapter 6 describes a novel method, using quantitative RP-
HPLC-MS for determination of those regions in proteins from which peptides, having similar 
functional properties, are released. In Chapter 7, the method presented in Chapter 6 is 
applied to soy glycinin with the objective to elucidate which fragments from glycinin have the 
strongest tendency to aggregate after enzymatic hydrolysis. Finally, a general discussion on 
the work presented in this thesis is given in Chapter 8. 
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Hydrolysis as a means of expanding gelation conditions 

 
CHAPTER 2 

 
 

Enzymatic hydrolysis as a means of expanding the cold 
gelation conditions of soy proteins 

 
 

ABSTRACT 

Acid-induced cold gelation of soy protein isolate hydrolysates was studied. Hydrolysates with 
degrees of hydrolysis (DH) up to 9.0 % were prepared by using subtilisin Carlsberg. The 
enzyme was inhibited to uncouple the hydrolysis from the subsequent gelation; the latter was 
induced by addition of glucono-δ-lactone. Visual observations, confocal scanning laser 
microscopy images and the elasticity modulus showed that hydrolysates gelled at higher pH 
values with increasing DH. The non-hydrolyzed soy protein isolate gelled around pH 6.0, 
whereas a DH = 4.5 % hydrolysate gelled around pH 7.6. Gels made from hydrolysates had a 
softer texture when manually disrupted and showed syneresis below a pH of 5-5.5. 
Monitoring of gelation by measuring the development of the storage modulus could be 
replaced by measuring the pH-onset of aggregate formation (pHAggr-onset) using turbidity 
measurements. The rate of acidification was observed to also influence this pHAggr-onset. 
Changes in ionic strength (0.03, 0.2 and 0.5 M) had only a minor influence on the pHAggr-onset, 
indicating that the aggregation is not simply a balance between repulsive electrostatic and 
attractive hydrophobic interactions, but is much more complex.  
 
 
 
 
 
 
 
 
 
 
 
Based on: Kuipers, B.J.H.; van Koningsveld, G.A.; Alting, A.C.; Driehuis, F.; Gruppen, H.; Voragen, 
A.G.J., J. Agric. Food Chem. 2005, 53, 1031-1038. 
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INTRODUCTION 

Soy proteins are used in the food industry for their ability to form heat-induced gels (1). This 
gelation involves the formation of aggregates, which subsequently form a more or less 
continuous network. The properties of heat-induced gels depend on the conditions during 
aggregate formation, such as protein concentration, temperature and duration of heat 
treatment, ionic strength and pH (2, 3). Gels can also be prepared at ambient temperature, as 
reviewed by Bryant and McClements (4). In this so-called cold gelation process two stages 
can be distinguished: (i) the preparation of a heat-denatured globular protein solution; (ii) the 
induction of gelation at ambient temperature. Using heat-denatured soy proteins, gelation can 
be induced by gradual acidification (5). When the pH is lowered towards the iso-electric point 
the electrostatic repulsion between proteins decreases (6), which results in a turbid gel due to 
random aggregation of the proteins (7). Upon lactic acid fermentation, during which sugars 
are metabolized into lactic acid, the pH decreases gradually, eventually resulting in formation 
of a gel when approaching the iso-electric pH of the protein. This gel formation can be 
studied in the absence of acid-producing micro-organisms, by the use of glucono-δ-lactone 
(GDL) (8). Since GDL is water-soluble and slowly hydrolyses into gluconic acid, its addition 
results in a gradual and homogeneous decrease in pH without the need for stirring. This is in 
contrast to acidification by addition of organic or inorganic acids, which requires mixing 
during acidification, resulting in inhomogeneous gel formation.  
In addition to heating and acidification, enzymatic hydrolysis can be used to improve the 
functional properties of proteins (9). In general hydrolysis is assumed to be unfavorable for 
the gelling properties of proteins, since it increases the number of charged groups and reduces 
the molecular weight, which hamper gelation (10). On the other hand, the structure of the 
protein is altered during hydrolysis and buried hydrophobic groups become exposed, which 
might result in aggregate formation. Under certain conditions these aggregates can form gel 
networks, and in some cases, hydrolysis has been observed to enhance the gelling properties 
of the protein (11-14). 
Limited hydrolysis of whey proteins by Bacillus licheniformis protease (BLP) was shown to 
result in an increased gel strength after heating of hydrolysates at neutral pH (11). Doucet and 
co-workers (13) and Otte and co-workers (14) observed that during extensive hydrolysis of 
bovine whey proteins with Alcalase and limited hydrolysis with BLP, respectively, gels were 
formed. For soy proteins it was found that by the action of bromelain gelation could be 
induced (12). It has also been shown that different, mainly alkaline and neutral, proteinases of 
microbial origin, can induce coagulation of proteins in soy milk (15). In accordance with this, 
Inouye (16) recently reported that subtilisin Carlsberg is able to induce aggregation during 
hydrolysis of soy protein isolates, but gelling properties were not studied. It might be 
expected that under certain conditions these aggregates would form a gel network upon 
hydrolysis. Since the hydrolysis of soy proteins can take place at ambient temperature, 
hydrolysis may be a way to modulate the structure of soy proteins to improve their 
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performance in the cold gelation process. In order to be able to modulate the texture of soy 
protein products, the aggregation behavior of the protein hydrolysates and the parameters that 
influence this behavior, such as the degree of hydrolysis (DH), pH and ionic strength, should 
be understood. To our knowledge no detailed information is available on the influence of 
these parameters on the gelation of soy protein hydrolysates. 
The purpose of this study was, therefore, to investigate the influence of DH, pH and ionic 
strength on the aggregation and gelation behavior of soy protein hydrolysates, made with 
subtilisin Carlsberg at ambient temperature. In particular, subtilisin Carlsberg was chosen 
because it is the main enzyme in Alcalase, which is a commercially available, food-grade, 
industrial enzyme mixture (17).  
 

MATERIALS AND METHODS 

Materials and chemicals 

Hyland soybeans (non-GMO) were supplied by Fa. L.I. Frank (Twello, The Netherlands). 
Subtilisin Carlsberg from Bacillus licheniformis (10 units/mg solid: one unit releases color, 
equivalent to 1.0 µmole (181 µg) of tyrosine per min from casein at pH 7.5 at 37°C as 
measured using the Folin-Ciocalteu reagent); glucono-δ-lactone (GDL) and 
phenylmethylsulphonyl fluoride (PMSF) were obtained from Sigma Chemical Co. (St. Louis, 
MO, USA; article no. P-5380, P-7626 and G-4750, respectively). All other chemicals were of 
analytical grade and were purchased from Merck (Darmstadt, Germany). 
 
Analysis of the protein content 

The nitrogen content of various samples was estimated by the Dumas method using an 
NA2100 Nitrogen and Protein Analyzer (CE INSTRUMENTS, Milan, Italy) according to the 
manufacturer’s instructions. In this work soy protein isolate (SPI) is regarded to only 
containing glycinin and β-conglycinin in a 64/36 ratio as determined by size-exclusion 
chromatography. Based on this ratio, the nitrogen conversion factor for SPI is 5.58, based on 
the average amino acid composition of glycinin and β-conglycinin as found in Swiss-Prot and 
only based on the polypeptide chain (www.expasy.org; Primary accession numbers used 
were: P04776 (Glycinin 1; A1a and B2 polypeptides), P04405 (Glycinin 2; A2 and B1a 
polypeptides), P11828 (Glycinin 3; A1b and B1b polypeptides), P02858 (Glycinin 4: A5, A4 
and B3 polypeptides), P04347 (Glycinin 5; A3 and B4 polypeptides)), P11827(β-Conglycinin, 
α’-chain), P13916 (β-Conglycinin, α-chain) and P25974 (β-Conglycinin, β-chain)). 
 
Preparation of the soy protein isolate (SPI) 

Soybean meal (SBM) was prepared by crushing soybeans with a Condux-Werk LV 15M 
(Condux-Werk, Wolfgang bei Hanau, Germany), followed by milling the crushed beans in a 
Fritsch Pulverisette 14702 using a 0.5 mm sieve (Fritsch Gmb, Albisheim, Germany). Milling 

 17

http://www.expasy.org/


Chapter 2 

was performed in the presence of solid CO2 to prevent excessive heating (volume ratio 
soybean : CO2 was approximately 4 : 1). The SBM was defatted three times with hexane at 
room temperature (w/v ratio SBM : hexane = 1 : 10) followed by drying to the air.  
To obtain the SPI, the defatted SBM was suspended in a 30 mM Tris-HCl buffer (pH 8.0), 
containing 10 mM 2-mercaptoethanol, and stirred at ambient temperature for 1.5 hours (w/v 
ratio SBM : buffer = 1 : 10). After removal of the insoluble parts by centrifugation (30 min, 
12,000 x g, 10ºC) the supernatant was brought to pH 4.8 with 2 M HCl to induce precipitation 
of the proteins. After 2 hours at room temperature the dispersion was centrifuged (20 min., 
12,000 x g, 10ºC). The precipitate was washed twice with Millipore water (approximate v/v 
ratio precipitate : water = 1 : 9) followed by suspending it in water and adjusting its pH to 8.0 
before it was freeze-dried. The protein content (N x 5.58) of the freeze-dried SPI was 83.3 (± 
1.6) % (w/w). 
 
Heat denaturation of SPI 

Prior to each hydrolysis experiment an SPI solution was freshly prepared by suspending the 
freeze-dried SPI in Millipore water containing 0.032 % (w/v) sodium azide to a concentration 
of 8.0 % (w/w) (6.7 % (w/w) protein). If necessary, the pH was adjusted to 8.0 with 2 M 
NaOH. The dispersion was stirred overnight at 4ºC. After equilibration to ambient 
temperature the pH was readjusted to 8.0, if necessary. The slightly turbid solution was 
subsequently centrifuged (30 min, 22,000 x g, 20ºC) and the supernatant was heated in a 
water bath at 95ºC for 30 min in a closed bottle, followed by immediate cooling in a water 
bath at room temperature. To determine whether the heating step of the SPI solution was 
sufficient to irreversibly denature the proteins, DSC experiments were performed on a VP-
DSC Micro Calorimeter (MicroCal Inc., Northampton, MA, USA). DSC experiments were 
conducted with the SPI solution before and after the heat treatment (30 min, 95ºC). The SPI 
solutions were diluted to a protein concentration of approximately 5 mg/mL with 10 mM 
potassium phosphate buffer (pH 7.6) containing 0.5 M NaCl. Thermograms were recorded 
from 20 to 105ºC with a heating rate of 1 K/min. The non-heated SPI showed two 
endothermic transitions at about 79ºC and 95ºC, representing the denaturation of β-
conglycinin and glycinin respectively (18). The heated SPI showed no endothermic effect. 
The heated SPI solution, which will further be denoted as SPI solution (DH = 0 %), had a 
clear, slightly opaque appearance and had a protein concentration of 6.2 ± 0.1 (w/w) %. 
 
Proteolysis of SPI 

Hydrolysates with various DH values (proportion of peptide bonds cleaved; 1.1, 2.2, 3.4, 4.5, 
5.9, 6.7 and 9.0 %) were prepared from the SPI solution by hydrolysis at pH 8.0 and at 40ºC 
using subtilisin Carlsberg. Hydrolysates were freshly prepared prior to each experiment. The 
pH and DH were controlled using the pH-stat method by using a 719S Titrino (Metrohm ion 
analysis, Herisau Switzerland) (19). The htot used was 8.77 meqv/gram and was calculated, 
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based on the amino acid composition of SPI, as also used for calculation of the nitrogen 
conversion factor for the Dumas method The enzyme concentration varied from 3 to 6 
units/gram substrate, while the molarity of the NaOH solution used to maintain the pH varied 
from 0.1 to 0.5 M. The higher the desired DH was, the higher the amount of enzyme and the 
higher the molarity of NaOH that was used. The enzyme was dissolved in Millipore water and 
directly added to the SPI solution. When the desired DH was reached, the enzymatic 
hydrolysis was stopped (20) by addition of a 100 mM PMSF stock solution in 2-propanol to a 
final concentration of 1 mM. Instability of the PMSF in aqueous solutions (21) resulted in a 
slight decrease in pH directly after addition. Approximately 10 min after PMSF addition, the 
pH was stable, and the hydrolysate was cooled down to room temperature. Although PMSF 
did not inhibit subtilisin Carlsberg completely, the effect of the remaining activity was 
negligible for the timescales used in all experiments, as tested by size exclusion 
chromatography. The average hydrolysis time was approximately 30 min. At DH values 
below 9.0 %, the hydrolysates had a similar appearance to the heated SPI solution. During 
more extensive hydrolysis (DH ≥ 9.0 %), however, the solution became turbid. 
 
Preparation of cold-set gels 

Gels were prepared from the SPI solution, and the hydrolysates thereof, by addition of GDL, 
which was freshly dissolved in ice water before each experiment. Two different gels were 
prepared from each sample, one with a final pH of 5.2 (±0.2) and the other with a final pH of 
3.1 (±0.1), by adding 0.45-0.6 % (w/w) and 5-6 % (w/w) GDL, respectively. The buffering 
capacity of the hydrolysates increased with increasing DH and, therefore, more GDL was 
added at the higher DH values.  
To correct for the different amounts of NaOH added during hydrolysis, the ionic strength and 
the protein concentration in the gels were standardized by the addition of NaCl solution (2 or 
5 M) and/or Millipore water before all further experiments. The final protein content of the 
gels was approximately 4.0 % (w/w) with ionic strengths of 0.03, 0.2 or 0.5 M. 
  
Confocal Scanning Laser Microscopy (CSLM) 

Imaging was carried out of gels made from the SPI solution and hydrolysates with a DH of 
2.2 and 4.5 %, all at an ionic strength of 0.03 M. A Confocal Scanning Laser Microscope type 
TCS-SP (Leica Microsystems AG, Wetzlar, Germany), configured with an ArKr laser for 
single-photon excitation (JDS Uniphase, San Jose, CA) was used. By adding increasing 
amounts of GDL, gels with various final pH values (pH 5-8) were obtained. The protein gels 
were stained by applying 10 μl of a 0.2 % (w/v) Rhodamine B solution to 1 mL of gel. The 
568 nm laser line was used for excitation to induce a fluorescent emission of Rhodamine B, 
which was monitored between 600 and 700 nm. The pore-size and area-% covered by pores 
on the picture were estimated using Leica Qwin software (Leica Microsystems AG, Wetzlar, 
Germany). Directly after the picture was made, the gel was disrupted and the pH was 
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measured using a Metrohm Biotrode micro pH glass electrode (Metrohm ion analysis, 
Herisau, Switzerland). 
 
Turbidity experiments 

Aggregate formation in the samples during the GDL acidification was followed as described 
by Alting and co-workers (22), by measuring the turbidity as the absorbance at 500 nm at 
25ºC on a Cary 1E UV-vis spectrophotometer (Varian Nederland BV, The Netherlands) 
equipped with a temperature controller. The pH was monitored simultaneously in samples 
placed in a water bath at 25ºC. Samples were measured in glass cuvettes with a path length of 
1 mm to prevent sedimentation. The parallel measurement of the pH as function of time 
allowed us to monitor the turbidity as a function of pH at various DH values (0, 1.1, 2.2, 3.4, 
4.5, and 5.9 %) and ionic strengths (0.03, 0.2 and 0.5 M).  
 
Rheological characterization of the gels 

The formation of a gel network in SPI solutions with DH values 0, 2.2 and 4.5 % (I = 0.03 M) 
was followed by simultaneously monitoring the storage modulus (G’), the turbidity, and the 
pH as function of time at 25ºC. Small-amplitude oscillatory measurements were made with a 
Carri-Med CLS2 500 rheometer (TA Instruments, New Castle, DE, USA) using a double-
walled-cylinder measuring unit (R1, R2, R3, R4 and h are 20, 20.38, 21.96, 22.38 and 20.5 mm, 
respectively). Immediately after the addition of GDL, samples were brought into the 
measuring unit and covered with a thin layer of paraffin oil to prevent evaporation. All 
experiments were conducted in oscillation at a strain of 1 % and a frequency of 1 Hz. The 
strain was within the linear region. 
 
Light scattering 

Dynamic light-scattering experiments were done using a Malvern Autosizer IIC Submicron 
particle size distribution analyzer (Malvern Instruments Ltd., Worcestershire, United 
Kingdom). The system consisted of a Malvern PCS41 optics unit with a 5 mW He-Ne laser 
and a Malvern K7032-ES correlator used in serial configuration. The Autosizer IIC worked at 
a fixed scattering angle of 90º, and the wavelength of the laser beam was 632.8 nm, resulting 
in a wave vector of 0.0187 nm-1. Hydrolysates were diluted with 20 mM Tris-HCl buffer (pH 
8.15), resulting in a protein concentration of approximately 20 mg/mL, before being 
transferred to 10 mm quartz cuvettes. The average apparent diameter of the protein aggregates 
was monitored at 20 (±0.1) ºC. The Malvern software was used in "Easy Mode", which means 
that the interval time was automatically adjusted to the "optimal" value. The apparent 
diameter of the particles in solution was calculated from a cumulant fit of the intensity 
autocorrelation function (23). Aggregate sizes were estimated at least in triplicate. 
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High-Performance Size-Exclusion Chromatography (HP-SEC) 

Aliquots (300 μL) of SPI solution and hydrolysate solutions (approximately 10 mg 
protein/mL) were mixed with 510 μL 0.15 M Tris-HCl buffer (pH 8.0) containing 100 mM 
1,4-dithiothreitol (DTT) and 8 M guanidinium chloride. After 1 h of stirring at ambient 
temperature, 310 μL acetonitrile and 200 μL 8 M guanidinium chloride, containing 2 % (v/v) 
trifluoroacetic acid (TFA), were added and the mixture was stirred for another 1 h. After 
centrifugation (15 min, 22,000 x g, 20ºC) the supernatants were applied to a Shodex Protein 
KW-803 column (300 x 8 mm; Showa Denko K.K., Japan). The column was equilibrated with 
40 % (v/v) aqueous acetonitrile containing 0.1 % (v/v) TFA. The flow rate was 0.6 mL/min 
and the absorbance of the eluate was monitored at 220 nm. According to the manufacturer’s 
specification, the void volume of the column was approximately 5.7 mL. The included 
volume was estimated using GlyTyr (238 Da) and was observed to be approximately 12.4 
mL. For the SPI solution separate fractions were collected, and dried in an ALPHA-RVC 
CMC-1 rotating vacuum concentrator (CHRIST, Osterode am Harz, Germany) followed by 
analysis by gel electrophoresis. 
 
Gel electrophoresis 

The protein composition of SPI, hydrolysates of various DH values and the various fractions 
of SPI collected during HP-SEC was determined using SDS-PAGE under reducing conditions 
(10 mM 2-mercaptoethanol) on a Mini-protean II System (Bio-Rad Laboratories, USA) 
according to the instructions of the manufacturer. Gels (12 %) were calibrated with marker 
proteins with molecular masses ranging from 14.4 to 94 kDa (Amersham Biosciences, 
Roosendaal, The Netherlands) and were stained with Coomassie Brilliant Blue.  
 

RESULTS 

Cold gelation of hydrolysates 

Gels of the SPI solution and hydrolysates thereof with various DH values were made by 
gradual acidification. Upon lowering the pH from 8.0, one of the most striking effects was the 
observation that the higher the DH of the hydrolysates, the higher the pH at which gelation 
started. Just below this gelation pH the gels had an opaque appearance, which became more 
turbid upon further pH decrease. Around pH 5 syneresis could be observed in gels made from 
the hydrolysates, while in gels from SPI no syneresis was observed. Compared to gels made 
from SPI, gels made from hydrolysates could be disrupted more easily. 
In Figure 1 the storage modulus as function of pH is presented for DH = 0, 2.2 and 4.5 % 
samples at I = 0.03 M. Because of syneresis, this experiment was not carried out at pH values 
lower than 5. Upon lowering the pH of the DH 0, 2.2 and 4.5 % solutions, G’ starts to 
increase at pH 6.3, 6.8 and 7.2, respectively. This confirms the visual observations described 
above. The maximum G’-values were in the range of 1,000 to 3,000 Pa. 
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Figure 1: Development of the storage modulus (G’) as a function of pH for SPI (●) and hydrolysates 
with DH 2.2 % (○) and 4.5 % (▼) at I = 0.03M. 
 
CSLM of cold-gelled hydrolysates 

The microstructures of the cold-set gels were subsequently characterized by CSLM. Figure 2 
shows the CSLM images of the gels prepared from SPI solutions with a DH of 0, 2.2 and 4.5 
%, made at 16 h after the addition of GDL. The orange colored parts represent protein-bound 
Rhodamine, while the dark spots represent places were little or no protein is present, which 
can be assumed to be pores in the protein gel network. Visual observations, the area-% 
covered by the pores and the average pore diameter of the gels corresponding to the images 
shown in Figure 2 are presented in Table 1. When Figure 2 is compared with Table 1, the 
visual observations show that conditions at which no gel was formed coincided with a 
homogeneous distribution of the proteins. When the formation of gels was observed this 
coincided with the formation of a network, observed as the appearance of pores. These pores 
increased in average size with decreasing pH. The development of the total area-% covered by 
pores showed the same trend (Table 1). 
When comparing samples at one DH value it can be observed that a coarser network is 
formed with decreasing pH, for all three DH values (Figure 2). At DH = 4.5 % e.g. no pores 
were observed at pH 8.1, whereas at pH 7.6 very small pores, with an average pore diameter 
of 0.22 μm were observed. At pH 6.9 the pores became much more abundant and had an 
average diameter of 0.56 μm. The largest pores, with an average diameter of 0.69 μm, were 
observed at pH 5.4 at DH = 4.5 %. In this sample syneresis was also observed. 
When comparing samples at a fixed pH (Figure 2), the network seems to become coarser with 
increasing DH. This is confirmed by the data in Table 1, which show that at pH 5.4/5.5 the 
average pore diameter increases from 0.44 μm to 0.69 μm, when the DH is increasing from 0 
to 4.5 %. 
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Turbidity of cold-gelled hydrolysates 

Aggregate formation often precedes gelation and can be monitored in acid-induced gels as an 
increase in turbidity, because gels that are formed around the pI of the protein usually consist 
of large random aggregates, and often result in a coarse protein network (24, 25). Turbidity 
measurements were therefore used as a tool to study gel formation indirectly, with the 
advantage that different measurements could be performed simultaneously. Experiments were 
performed at various ionic strengths to obtain information about the contribution of 
electrostatic interactions in the aggregation process. The turbidity at 500 nm as a function of 
pH for DH 0, 2.2 and 4.5 % at I = 0.03, 0.2 and 0.5 M is shown in Figure 3. 
At all the conditions used it was observed that with decreasing pH the turbidity started to 
increase at a specific pH, which indicates that at these conditions aggregates were formed. 
The development of the turbidity as function of pH followed a kind of S-curve until a 
maximum was reached. The pH at which aggregates start to form is denoted pH of 
aggregation onset (pHAggr-onset), which is defined as the intersection of the tangent at the point 
of inflection of the S-curve with the x-axis.  
If turbidity is studied over a pH range from 3 to 8 the amount of GDL used to reach pH 3 
results in too high a rate of acidification in the pH 5 to 8 range. Therefore, also a gel was 
prepared of the same SPI solution or hydrolysate, using a lower amount of GDL. The curves 
obtained of one hydrolysate using two different levels of GDL did not follow the same course 
(Figure 3), indicating that the rate of acidification affects the aggregation process. At a 
particular pH, the turbidity of the slowly acidified sample was higher compared to the fast-
acidified sample; a low rate of acidification gives the proteins more time to aggregate. 
The curves at I = 0.03 M reached a maximum in turbidity around pH 4.5 which was followed 
by a decrease in turbidity below pH 4.5. The turbidity maximum decreased with increasing 
DH (Figure 3), while the pH of maximum turbidity remained constant. With increasing DH, 
the pHAggr-onset increased to 5.9, 6.9 and 7.1 for DH 0, 2.2 and 4.5 %, respectively. This shift in 
aggregation pH to higher pH values with increasing DH is similar to that found in the 
rheological experiments and during the visual observations described above. 
At higher ionic strengths similar turbidity patterns were observed as for I = 0.03 M but some 
differences became apparent. At I = 0.2 and 0.5 M the maximum turbidities reached were 
around pH 4.2 and 3.7, respectively (Figure 3). Thereafter, at I = 0.2 M a slight decrease in 
turbidity was observed (Figure 3) below the pH of maximum turbidity, whereas at I = 0.5 M 
this decrease was absent (Figure 3).  
Table 2 shows the pHAggr-onset obtained for different DH values at all the ionic strengths 
studied. These results show that the shift in pHAggr-onset with increasing DH is on average the 
largest at I = 0.2, while at I = 0.03 M and 0.5 M, the pHAggr-onset is slightly lower. 
The observed shift in pHAggr-onset must be the result of the proteolytic activity of the subtilisin 
Carlsberg, because simultaneous addition of subtilisin Carlsberg and its inhibitor PMSF to the 
SPI solution at 40ºC resulted in similar turbidity patterns as for the non-hydrolyzed SPI (no 
further data shown).  
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 pH 7.9 - 8.2 pH 6.5 - 7.6 pH 6.1 – 6.9 pH 5.4 - 5.5 

 
 
DH = 0 % 

 pH = 8.2 pH = 6.5 pH = 6.1 pH = 5.4 

 
 
DH = 2.2 % 

 pH = 7.9 pH = 7.2 pH = 6.8 pH = 5.5 

 
 
DH = 4.5 % 

 pH = 8.1 pH = 7.6 pH = 6.9 pH = 5.4 

Figure 2: CSLM images of 4.0 % (w/w) protein gels prepared from SPI solutions with a DH of 0, 2.2 
and 4.5 % (I = 0.03 M). The bars represent a length of 10 μm. The pH-values of the gels are presented 
at the bottom of each image. 
 
Table 1: Characteristics of the CSLM images as presented in Figure 2 of 4.0 % (w/w) protein gels 
prepared from SPI solutions with a DH of 0, 2.2 and 4.5 % (I = 0.03 M). 
  pH 7.9-8.2 pH 6.5-7.6 pH 6.1–6.9 pH 5.4-5.5 

Visual observation Liquid Liquid Liquid Turbid gel 
Area % covered by pores 0.1 % 0.1 % 0.1 % 7.2 % DH = 0 % 
Average pore diameter (μm) 0.20 (±0.01)a 0.20 (±0.01) a 0.20 (±0.01)a 0.44 (±0.23) 

Visual observation Liquid Liquid Opaque gel Turbid gel 
Area % covered by pores 0.1 % 0.1 % 2.4 % 12.5 % DH = 2.2 % 
Average pore diameter(μm) 0.20 (±0.01)a 0.20 (±0.04)a 0.33 (±0.16) 0.57 (±0.33) 

Visual observation Liquid Opaque gel Turbid gel Turbid gelb

Area % covered by pores 0.1 % 0.5 % 11.1 % 13.1 % DH = 4.5 % 
Average pore diameter(μm) 0.20 (±0.01)a 0.22 (±0.05) 0.56 (±0.35) 0.69 (±0.42) 

a The minimum pore size that can be measured is 0.2 μm 
b Syneresis was observed in this sample 
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Figure 3: Turbidity at 500 nm for SPI (⎯⎯) and SPI hydrolysates with DH  2.2 % (− − −) and 4.5 % 
(•••••) as a function of pH at I = 0.03, 0.2 and 0.5 M. 
 
 
Table 2: pHAggr-onset of SPI and hydrolysates thereof with different DH values at I = 0.03, 0.2 and 0.5 
M. 
DH value (%) pHAggr-onset I = 0.03 pHAggr-onset I = 0.2 pHAggr-onset I = 0.5 
0  5.9 6.1 5.7 
1.1 6.6 6.8 6.4 
2.2 6.9 7.1 6.8 
3.4 7.0 7.2 7.1 
4.5 7.1 7.3 7.2 
5.9 7.3 7.6 7.4a

a  Already resulted in a clear gel after ionic strength was adjusted to 0.5M. 
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Aggregate size 

Heat and hydrolysis induces the formation of aggregates. This aggregate formation was 
studied by light scattering. Table 3 shows the estimated average aggregate sizes obtained for 
the non-heated and heated SPI solution, and hydrolysates at various DH values.  
 
Table 3: Effect of heating and hydrolysis on the hydrodynamic diameter of SPI and its hydrolysates.  
Sample Diameter (nm)a

Non-heated SPI solution 131 ± 2 
DH = 0 % 197 ± 3 
DH = 1.1 % 137 ± 2 
DH = 2.2 % 137 ± 1 
DH = 4.5 % 176 ± 2 
DH = 6.7 % 413 ± 11 
DH = 9.0 % 1584 ± 353 

a Errors represent the standard error of the cumulant fits within one measurement. 
 
Heating the SPI solution resulted in the formation of aggregates, which was observed as a 
slightly opaque SPI solution. Upon hydrolysis a decrease in aggregate size was observed at 
DH = 1.1 and 2.2 %, followed by a strong increase in aggregate size with a further increase in 
DH, as also observed by Ju and Kilara (26). As the estimated average size of the aggregates at 
DH = 9.0 % was found to be close to the limit of the apparatus, care should be taken with the 
interpretation of these results. 
 
Protein and peptide size distribution 

HP-SEC was carried out to obtain an indication of the size of the peptides present in the SPI 
solution and the hydrolysates.  

 
Figure 4: HP-SEC chromatogram of SPI (⎯⎯), and its hydrolysates at 2.2 % (− − −) and 4.5 % 
(•••••). The numbers 1 to 8 refer to fractions collected of the DH = 0 % sample. 
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Figure 4 shows the HP-SEC chromatogram of the DH = 0, 2.2 and 4.5 % samples. The 
chromatogram of DH = 0% contains five main peaks (fractions 1, 3, 6, 7, and 8) and two 
shoulders (fractions 4 and 5). The fractions collected were analyzed by SDS-PAGE as shown 
in Figure 5, which also shows the protein composition of SPI. Fractions 1 and 2 elute around 
5.7 mL, the void volume of the column, and therefore probably contain aggregates not 
dissociated by DTT and guanidinium. As can be observed in Figure 4, subtilisin Carlsberg 
was able to degrade the aggregates present in the first peak since the area of the peak 
decreased with increasing DH.  
 
Figure 5 shows that fraction 3 contains several protein bands with molecular masses in the 
range of 55 to 70 kDa, probably representing the α-fraction of β-conglycinin. Fraction 4 
shows a band around 50 kDa, which could be the β-subunit of β-conglycinin. A protein band 
around 36 kDa is present in fraction 5, representing the acid polypeptide A3 of glycinin. 
Fraction 6 has protein bands around 32 kDa, probably representing the acidic polypeptide of 
glycinin A1a, A2, A1b and A4. Fraction 7 contains a band around 20 kDa, which probably 
consists of all the basic polypeptides of glycinin (27). A protein band around 10 kDa can be 
observed in fraction 8, probably representing the acidic polypeptide A5 of glycinin. 
 
The chromatograms in Figure 4 clearly show that smaller fragments are formed with 
increasing DH and that already almost all the intact protein has been degraded at DH = 2.2 %. 
The SDS-PAGE gel in Figure 6, which shows the peptide patterns observed at various DH 
values, confirms this. Some new bands become apparent in the hydrolysates, which are not 
present in the non-hydrolyzed SPI solution, indicating that some more or less stable peptides 
are formed. In particular, the peptide with a molecular mass of approximately 25 kDa seems 
quite resistant to enzymatic hydrolysis, as also reported by Inouye (16).  
When the HP-SEC experiment was performed with samples prepared under non-reducing 
conditions, a minor shift to higher peptide sizes could be observed (data not shown). This was 
confirmed in an SDS-PAGE experiment under non-reducing conditions (data not shown). The 
minor shift to higher peptide size became less apparent with increasing DH.  
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Figure 5: SDS-PAGE gel with the low molecular mass marker (M), the intact protein (SPI), and 
collected fractions 1 to 8 as indicated in the chromatogram of Figure 4. 
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Figure 6: SDS-PAGE gel with the protein composition of different SPI samples with increasing DH 
value (0, 1.1, 2.2, 4.5, 6.7 and 9.0 %). The two outer lanes represent the marker (M). 
 

DISCUSSION  

Uncoupling of hydrolysis and gelation 

In our experimental set-up, the preparation of soy protein hydrolysate gels consisted of 
heating an SPI solution, followed by hydrolysis and finally acid-induced cold gelation in 
separate steps. A prerequisite for this approach is that gelation occurred only upon 
acidification. These conditions were met by, on the one hand, choosing a protein 
concentration not resulting in extensive aggregation or gelation upon heating, and on the other 
hand by stopping the hydrolysis before visible aggregates were formed. This allowed 
hydrolysis and gelation to be studied separately. This approach is different from studies 
performed by e.g. Doucet and co-workers (13) and Otte and co-workers (14), where gelation 
occurred already during the hydrolysis. The latter could therefore be defined as enzyme-
induced gelation. Our approach is defined as acid-induced gelation of hydrolysates. 
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In our preparations enzyme-induced gelation also occurred, around an estimated DH of 9.0 %, 
when hydrolysis was performed without stirring and pH control. This is what could be 
expected based on the increase in aggregate size at DH = 9.0 % (Table 3), as also reported by 
Inouye and co-workers (16). Because our aim was to uncouple the hydrolysis from the 
gelation, such high DH values were not studied in detail.  
 
Shift in aggregation and gelling pH 

The uncoupling of hydrolysis and gelation made it possible to study the effect of the pH on 
the gel formation. The rheological experiments showed that the higher the DH, the higher the 
pH at which gels could be formed. With the hydrolysates, gels could be made at pH values at 
which the non-hydrolyzed SPI did not yet form a gel. This makes the use of hydrolyzed SPI 
interesting for foods at neutral and slightly acidic pH. In addition, lower amounts of protein 
are needed when compared to heat-induced gels. The gels formed may also have a new 
texture that could be of interest of the food industry. Our results are in agreement with the 
observations made by Ipsen and co-workers (28), who studied enzyme-induced gelation of 
whey protein systems at various pH values, and found that at pH values further away from the 
pI of the parental protein, a higher DH was necessary to form a gel. 
When the shift in aggregation pH during acidification is studied, timescale effects have to be 
taken into account. These timescale effects can be observed clearly in Figure 3 as the 
difference between the slow and fast acidification. The curves of gels prepared from the same 
hydrolysate at the same ionic strength do not overlap, due to the difference in acidification 
rate. The slower the acidification rate, the more time the proteins will spend at one particular 
pH to form aggregates, resulting in a higher turbidity at that pH. These timescale effects 
become even more apparent when comparing data from measurements performed during 
acidification (rheological and turbidity measurements) with data from experiments performed 
after the acidification had finished (visual observations and CSLM imaging). The DH = 4.5 % 
(I = 0.03 M) hydrolysate had formed a gel at pH 7.6 after 16 h of incubation (Table 1), while 
no increase in turbidity was observed at pH 7.6 for this hydrolysate during acidification 
(Figure 3). 
Rheological measurements are a useful tool to study the shift in aggregation pH, but they have 
the disadvantage that they are time consuming, and cannot be used in systems that show 
syneresis, as occurred at pH values below 5-5.5. Measurements that are less time consuming 
and able to provide information about a broader pH range would therefore be more favorable. 
Turbidity experiments have the advantage that various samples can be measured in parallel, 
and by choosing a cuvet with a short light path, visible syneresis could in this case be 
prevented. These advantages enable measurements in a broader pH range. The turbidity 
measurements relate well with rheological experiments when G’ is plotted on a logarithmic 
scale (Figure 7A), and can therefore be used to provide reliable indications about the gel 
formation of the preparations studied. When G’ is plotted on a linear scale it can be seen that 
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aggregation, measured as increase in turbidity, precedes gelation, measured as the increase of 
G’ (Figure 7B), as also observed by Alting and co-workers (25) . 

 
Figure 7: Development of the storage modulus (G’) for SPI (Δ), and its hydrolysates at DH 2.2 % (□) 
and 4.5 % (○) and turbidity (A500nm) of the SPI (⎯⎯), and its hydrolysates at DH 2.2 % (− − −) and 
4.5 % (•••••) as a function of pH at I = 0.03 M, with the storage modulus on a logarithmic (A) and 
linear (B) scale. 
 
Proposed mechanism of peptide aggregation 

The gels formed from hydrolysates were not built up from intact soy proteins, since at DH 
values of 2.2 % and higher, almost no intact soy proteins were present (Figure 4). This is what 
might be expected when 2.2 % of the peptide bonds are cleaved. In addition, subtilisin 
Carlsberg is a relatively nonspecific protease known for its high specificity for Leu, Tyr, Phe 
and Trp and also cleaves next to Gln, Ser, and Tyr (17, 29), so a broad spectrum of peptides 
can be expected. Some of these peptides are held together by disulfide bridges, but this effect 
seems to be minor. Part of the peptides form soluble aggregates during hydrolysis below a DH 
of 9.0 %. These aggregates increase in diameter with increasing DH. Around DH = 9.0 % 
insoluble aggregates are already formed during hydrolysis (Table 3). Upon acidification the 
aggregates formed during hydrolysis might aggregate further with peptides or other 
aggregates.  Since the shift in pHAggr-onset increases with increasing DH this shift is probably 
not the result of the release of some very specific peptides that accumulate with increasing 
DH.  
Possible explanations for the shift in aggregation pH upon hydrolysis have been previously 
suggested in studies concerning the hydrolysis of whey proteins with Alcalase (30) or BLP 
(31). Part of the peptides formed were observed to have a higher pI (31, 32), when compared 
to the parental protein. A change in pI changes the balance between electrostatic and 
hydrophobic forces, and can thus result in aggregate formation around the pI of the peptides. 
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The similarity between these observations with whey proteins and the observations made for 
soy proteins as presented here, suggests a similar mechanism. 
In general, the balance between electrostatic repulsion and hydrophobic attraction determines 
whether a protein forms aggregates or not. If this is the dominant mechanism in our gels, then 
at higher pH values aggregates are expected to be formed with increasing ionic strength, due 
to screening of the repulsive electrostatic forces, enabling the hydrophobic forces to dominate. 
In Figure 3, however, no large influence of the ionic strength can be observed on the pHAggr-

onset. This indicates that the observed aggregation is not simply a balance of repulsive 
electrostatic and attractive hydrophobic interactions, but is more complex. Possibly also 
specific electrostatic attractions play a role, making the aggregation mechanism much more 
delicate and less predictable. Moreover, effects on aggregation kinetics may not become 
apparent within the timescale of the experiment. When a mixture of peptides is present with a 
wide variety of pI’s, then at a certain pH, the peptides present will have a net charge that is 
either positive, negative or zero. This might lead to aggregation due to hydrophobic attraction 
of peptides with a net charge of zero, while electrostatic attraction takes place between 
oppositely charged peptides. In addition to these interactions, also peptides with a high 
polarity or hydrophobicity may be formed that will or will not form aggregates, independent 
of the pH. 
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CHAPTER 3 

 
 

Opposite contributions of glycinin- and β-conglycinin-
derived peptides to the aggregation behavior of soy protein 

isolate hydrolysates 
 
 

ABSTRACT 

The aggregation behavior as a function of pH was studied for hydrolysates obtained by 
hydrolysis of soy protein isolate (SPI) and glycinin- and β-conglycinin-rich protein fractions 
with subtilisin Carlsberg. The substrates were hydrolyzed up to degrees of hydrolysis (DH) of 
2.2 and 6.5 %. Compared to non-hydrolyzed SPI, a decrease in solubility was observed for the 
hydrolysates of SPI (0.8 (w/w) % protein, I = 0.03 M) around neutral pH. At pH 8.0, glycinin 
hydrolysates had a much lower solubility (~ 43 and 60 %, respectively for DH = 2.2 and 6.5 
%) than SPI and β-conglycinin-derived hydrolysates, which were almost completely soluble. 
Peptides that aggregated were all larger than 5 kDa, and as estimated by size-exclusion 
chromatography their composition was almost independent of the aggregation pH. The 
solubility of hydrolysates of SPIs with a varying glycinin and β-conglycinin composition 
showed that glycinin-derived peptides are the driving force for the lower solubility of SPI 
hydrolysates. The solubility of SPI hydrolysates at pH 8.0 was shown not to be the sum of 
that of glycinin and β-conglycinin hydrolysates. Assuming that the separate hydrolysis of 
glycinin and β-conglycinin did not differ from that in the mixture (SPI), this indicates that β-
conglycinin-derived peptides have the ability to inhibit glycinin-derived peptide aggregation. 

 

 
 
 
 
 
 
 
 
Based on: Kuipers, B.J.H.; van Koningsveld, G.A.; Alting, A.C.; Driehuis, F.; Voragen, 
A.G.J.; Gruppen, H. Food Biophys. 2006, 1, 178-188. 
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INTRODUCTION 

Soy protein aggregation followed by the formation of a space-filling gel network plays a 
major role in the structure formation of various soy-based foods, such as meat analogues, tofu 
or fermented soy milk (1). In addition to these existing food structures, new structures would 
open possibilities to expand or to improve the use of soy proteins in foods. A possible way to 
obtain such new structures may be via the modification of the aggregation properties of 
proteins. Such modifications may be induced physically, e.g. via heat treatment, or 
chemically, for example by using proteolytic enzymes (2). 
The improvement of soy protein aggregation and the subsequent change in soy protein 
gelation by pre-treatment with proteases, has not yet received much attention in the literature, 
although hydrolysis can be a means of expanding the gelling properties of whey proteins (3, 
4) and soy proteins (5, 6). 
The probable reason for this lack of attention is the fact that hydrolysis is assumed to be 
unfavorable for the gelling properties of proteins, since hydrolysis increases the number of 
charged groups and reduces the molecular mass, both of which generally hamper gelation (7).  
On the other hand, during hydrolysis the folded structure of the protein is altered, resulting in 
the exposure of buried hydrophobic groups, which might induce aggregate formation. 
Interestingly, upon hydrolysis of proteins, aggregates may be formed (8, 9), indicating that 
peptides are formed with an aggregation behavior different from that of the non-hydrolyzed 
protein. Under specific conditions these aggregates can form gel networks, which have 
improved properties compared to the non-hydrolyzed protein (4, 5, 10, 11). In contrast to the 
formation of aggregates, peptides can also prevent aggregation. Peptides derived from milk or 
soy proteins were shown to have the ability to inhibit blood platelet aggregation (12, 13). 
In a previous study (6) it was shown that hydrolysis of soy protein isolates results in the 
formation of peptides that aggregate at a pH value higher than the pH at which the non-
hydrolyzed proteins aggregate. Understanding the characteristics and origin of these 
aggregating peptides will enable optimization of the hydrolysis process with respect to the 
yield in peptides having aggregating properties, which can be used as functional ingredients in 
foods. 
The two main proteins present in soy are glycinin and β-conglycinin, which represent ~42 and 
~34 % of all the proteins present in soybeans, respectively (14). Glycinin is composed of an 
acidic (acidic pI; ~35 kDa) and a basic polypeptide (basic pI; ~20 kDa) connected by one 
disulfide bridge (15) and mainly exists as a hexamer (11S; pH 7.6, I = 0.5 M). Glycinin can 
dissociate into its 7S and 3S form upon decreasing the ionic strength or changing the pH (16). 
β-Conglycinin exists as a trimer with a molecular mass of 150-200 kDa, and contains three 
major subunits: α’ (72 kDa), α (68 kDa), and β (52 kDa) (15). Glycinin and β-conglycinin 
have different gelling properties: Upon heating, glycinin is able to form stronger gels than β-
conglycinin (17). In heat-induced gels made of mixtures of glycinin and β-conglycinin, the 
gel hardness of the mixed preparations was intermediate between gels of glycinin and β-
conglycinin (18, 19). Analogous to this, it can be hypothesized that peptides originating from 
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glycinin or β-conglycinin may also have a different contribution to the aggregation behavior 
of hydrolysates made from soy protein isolate (SPI). Therefore, the main purpose of the 
present study was to elucidate the individual contributions of glycinin- and β-conglycinin-
derived peptides to the aggregation behavior of SPI hydrolysates. 
 

MATERIALS AND METHODS 

Materials and chemicals 

Defatted soybean meal (SBM) was used, after being prepared from Hyland soybeans (non-
GMO) supplied by Fa. L.I. Frank (Twello, The Netherlands) as described previously (6). 
Subtilisin Carlsberg from Bacillus licheniformis (10 units/mg solid: one unit releases color, 
equivalent to 1.0 µmole (181 µg) of tyrosine per min from casein at pH 7.5 at 37°C as 
measured using the Folin-Ciocalteu reagent) was obtained from Sigma Chemical Co. (St. 
Louis, MO, USA; article no. P-5380). All other chemicals were of analytical grade and were 
purchased from Merck (Darmstadt, Germany) or Sigma (St. Louis, MO, USA). 
 
Analysis of the protein content 

The nitrogen content of various samples was determined in duplicate by the Dumas method 
using an NA2100 Nitrogen and Protein Analyzer (CE INSTRUMENTS, Milano, Italy) 
according to the manufacturer’s instructions. Methionine was used as a standard. The nitrogen 
conversion factors for SPIs, glycinin and β-conglycinin were 5.58, 5.57 and 5.60, 
respectively. The values were based on their average amino acid compositions as found in 
Swiss-Prot (www.expasy.org). SPI is regarded to only containing glycinin and β-conglycinin 
in a 64/36 (w/w) ratio as determined by size-exclusion chromatography. Primary accession 
numbers used were: P04776 (Glycinin 1; A1a and B2 subunits), P04405 (Glycinin 2; A2 and 
B1a subunits), P11828 (Glycinin 3; A1b and B1b subunits), P02858 (Glycinin 4: A5, A4 and 
B3 subunits), P04347 (Glycinin 5; A3 and B4 subunits)), P11827(β-Conglycinin, α’-chain), 
P13916 (β-Conglycinin, α-chain) and P25974 (β-Conglycinin, β-chain)).  
Since β-conglycinin is a glycoprotein and is reported to contain ~4.5% carbohydrates (14, 20), 
the nitrogen conversion factor can be calculated to be ~5.87. However, this value would be 
appropriate when the β-conglycinin content is determined. During proteolysis only the 
polypeptide chain is cleaved and all the sample preparations are standardized at the same 
polypeptide content. As a consequence, for β-conglycinin a nitrogen conversion factor of 5.60 
(based on the amino acid sequence) was used. 
 

Preparation of soy protein isolates (SPIs) 

From the defatted SBM, an SPI was prepared by precipitation of the proteins at pH 4.8 using 
1 M HCl as described previously (6). Densitometric analysis of the SDS-PAGE gel showed 
that at least 90 % of the protein bands present in the SPI originate from glycinin or β-
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conglycinin (Figure 4 (1)). This SPI is further denoted as SPI 64/36, in which 64/36 (w/w) is 
the ratio of glycinin/β-conglycinin in the preparation (Table 1), as determined by high-
performance size-exclusion chromatography (HP-SEC). In the preparation of the SPI, the 
clear solution at pH 8.0, obtained just after centrifugation and just before the pH decrease to 
pH 4.8, is denoted as pH 8.0 protein extract. 
In addition to the SPI 64/36, SPIs were also prepared by precipitation at other pH intervals, 
which resulted in SPIs with different glycinin/β-conglycinin ratios by making use of the 
difference in the pH-dependent solubility of the two proteins (21). Two sequential 
precipitations were performed, both starting with the pH 8.0 protein extract from SBM.  
The first sequential precipitation resulted in three SPIs precipitated in the pH intervals 8.0-6.2, 
6.2-5.0, and 5.0-4.8. First, a precipitate was prepared by decreasing the pH to 6.2. The pH of 
the supernatant obtained at pH 6.2 was subsequently decreased to pH 5.0 to precipitate 
another part of the proteins. Next, the pH of the supernatant obtained at pH 5.0 was set to 4.8 
followed by centrifugation. This first sequential precipitation resulted in three SPIs: SPI 92/8, 
SPI 49/51, and SPI 22/78. 
The second sequential precipitation resulted in two SPIs precipitated in the pH intervals 8.0-
5.6 and 5.6-4.8. First, a precipitate was prepared at pH 5.6. The pH of the supernatant 
obtained at pH 5.6 was decreased to pH 4.8 followed by centrifugation. This second 
sequential precipitation resulted in two SPIs: SPI 74/21 and SPI 35/65. The compositions of 
the five SPIs obtained can be found in Table 1. 
In the two sequential precipitations, the pH was decreased by addition of 1 M HCl. All 
suspensions were stirred for at least 1 h before centrifugation (15 min, 12,000 x g, 20ºC). All 
the pellets, obtained at different pH values (6.2, 5.6, 5.0 and 4.8), were washed once with 
Millipore water ((v/v) ratio precipitate : water ~ 1 : 9) followed by suspension in water and 
adjustment of the pH to 8.0 before they were freeze-dried. 
 
Purification of glycinin 

Glycinin was purified in a similar way as the SPI 92/8 preparation with the difference that the 
precipitate obtained at pH 6.2 was directly suspended in water at pH 8.0 overnight at 4°C. 
After centrifugation (30 min, 12,000 x g, 20ºC) the supernatant was dialyzed against distilled 
water. The pH of the dialyzed protein dispersion was adjusted to pH 8.0 and the clear solution 
obtained was freeze-dried. The freeze-dried product was denoted “Glycinin” (Table 1).  
 

Purification of β-conglycinin 

To obtain purified β-conglycinin, the supernatant from the glycinin purification (pH 6.2) was 
adjusted to pH 5.0, stirred for 1 h at ambient temperature, and centrifuged (30 min, 18,000 x 
g, 20ºC). The pellet was discarded and the pH of the supernatant was adjusted to 4.8 to induce 
precipitation of β-conglycinin. The suspension was stirred for 1 h, followed by centrifugation 
(30 min, 12,000 x g, 20ºC). The precipitate was suspended overnight at 4°C in 35 mM sodium 
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phosphate buffer (pH 8.0). After centrifugation (30 min, 18,000 x g, 20ºC) the supernatant 
was applied onto a Superdex 200 column (60 x 10 cm, Amersham, Uppsala, Sweden) and 
eluted with a 35 mM sodium phosphate buffer (pH 8.0) at a flow rate of 40 mL/min at 
ambient temperature. The eluate was monitored by UV detection at 220 nm and 200 mL 
fractions were collected. Fractions containing β-conglycinin, as analyzed by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE; molecular mass bands above 43 
kDa), were pooled and dialyzed against distilled water. The pH of the dialyzed protein 
dispersion was adjusted to pH 8.0 and the clear solution obtained was freeze-dried. The 
freeze-dried product was denoted “β-Conglycinin” (Table 1). 
 

Hydrolysis of SPIs, Glycinin and β-Conglycinin 

The SPIs, Glycinin, and β-Conglycinin were suspended in Millipore water at a concentration 
of 1.5 - 2 % (w/w) protein and stirred overnight at 4°C. The pH was adjusted to 8.0, if 
necessary. SPI solutions were centrifuged (18,000 x g, 20 min, 20°C), while the Glycinin and 
β-Conglycinin solutions were filtered using a 0.45 μm filter (Schleicher & Schuell GmbH, 
Dassel, Germany). The protein content of the supernatant and filtrates was determined using 
the Dumas method. Solutions were diluted to 1 % (w/w) protein using Millipore water 
followed by heating at 95°C for 30 minutes. The heated solutions all had a clear to slightly 
opaque appearance. Hydrolysates with degrees of hydrolysis (DH) of 2.2 and 6.5 % were 
prepared from the heated SPI, Glycinin, and β-Conglycinin solutions by hydrolysis at pH 8.0 
at 40ºC, using subtilisin Carlsberg. The pH and DH were controlled using the pH-stat method 
by using a 719S Titrino (Metrohm ion analysis, Herisau, Switzerland) (22). The htot used for 
the calculation of the DH was calculated based on the amino acid composition of the various 
preparations, assuming that only glycinin (htot = 8.87 meqv/g) and β-conglycinin (htot = 8.60 
meqv/g)  were present (Table 1). The enzyme concentrations used were ~3 or 13 units/gram 
protein for the DH values of 2.2 and 6.5 %, respectively. The enzyme was dissolved in 
Millipore water and directly added to the solutions. The molarity of the NaOH solution used 
to maintain the pH at pH 8.0 varied from 0.1 to 0.3 M. When the desired DH was reached, the 
enzymatic hydrolysis was stopped by addition of a 100 mM phenylmethylsulphonyl fluoride 
(PMSF) stock solution in 2-propanol to a final concentration of 1 mM. The pH-stat 
experiment was stopped after the pH remained stable at pH 8.0. Hydrolysates were freshly 
prepared prior to each experiment. 
 
Gel electrophoresis 

The protein composition of SPIs, Glycinin and β-Conglycinin and their hydrolysates was 
examined using SDS-PAGE under reducing conditions (10 mM 2-mercaptoethanol). A 10-20 
% Tris/HCl Ready Gel (Bio-Rad Laboratories Hercules, CA, USA) was used on a Mini-
protean II System (Bio-Rad Laboratories, USA) according to the instructions of the 
manufacturer. The gel was calibrated with marker proteins with molecular masses ranging 
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from 14.4 to 94 kDa (Amersham Biosciences, Roosendaal, The Netherlands) and was stained 
with Coomassie Brilliant Blue.  
 

Solubility of the SPI, Glycinin and β-Conglycinin hydrolysates 

The aggregation behavior of the hydrolysates and non-hydrolyzed solutions was studied as the 
(in-)solubility at a protein concentration of 0.8 % (w/w) (I = 0.03 M). For the solubility of the 
non-hydrolyzed samples, the heated solutions, as also used for the hydrolysis experiments, 
were used. 
The ionic strength of the heated protein solution was arbitrary regarded as 0 M.  The ionic 
strength of 0.03 M was defined by the total amount of NaOH added during the hydrolysis and 
NaCl added after hydrolysis. During hydrolysis the ionic strength of the solution increases, 
due to the liberation of charged groups. The increase in ionic strength during hydrolysis is 
assumed to be equal to the amount of NaOH added. This results in an increase of 0.003 and 
0.009 M for hydrolysates with a DH of 2.2 and 6.5 %, respectively. To end up with a final 
protein concentration of 0.8 % (w/w) and an ionic strength of 0.03 M Millipore water and 0.5 
M NaCl were added. The solutions were acidified stepwise from pH 8.0 to pH 3.0 using 0.2 
M HCl. A sample was taken every 0.5 pH units. The samples, set at various pH values, were 
mixed in a head-over-tail rotator for 1 h followed by centrifugation (20 min, 22,000 x g, 
20°C). The proportion of the total amount of peptides present that remained in the supernatant 
after centrifugation was defined as solubility. The solubility was determined by diluting the 
supernatant 20 times with 1 % (w/v) SDS in Millipore water, followed by determination of 
the absorbance at 280 nm (A280), using a spectrophotometer (UV 1601, Shimadzu, Japan). A 
0.95 % (w/v) SDS solution, served as a blank. In addition, all the (20 times) diluted samples 
were diluted 10 times with 1% SDS, followed by analysis of their absorbances at 220 nm 
(A220). The measured absorbances were corrected for dilutions during acidification with HCl.  
The solubility was calculated by expressing the A220 or A280 of the supernatant as proportion 
of the A220 or A280 of the total hydrolysate at pH 8.0. For SPI 64/36 and Glycinin the 
solubility curves were prepared in duplicate and were observed to have an average standard 
deviation < 5 % of the mean for each data point when obtained at pH 4.0 and higher, while at 
pH 3.0 and 3.5 standard deviations up to 20 % were obtained. 
The pellets, containing the aggregating peptides, were washed once with Millipore water and 
again centrifuged (20 min, 22,000 x g, 20°C). The pellets were re-suspended in 0.4 % (v/v) 
trifluoroacetic acid (TFA) in Millipore water followed by freeze-drying. TFA was added to 
cause a pH decrease sufficient to irreversibly inhibit the remaining minor activity of subtilisin 
Carlsberg. In this study we define aggregating peptides as those peptides present in the pellets 
after centrifugation, although we are fully aware of the possibility that soluble aggregates, 
composed of peptides, remain present in the supernatant. 
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High-performance size-exclusion chromatography (HP-SEC) 

SPI 64/36, Glycinin, β-Conglycinin, and their hydrolysates and pellets were dissolved in 500 
μL of 0.15 M Tris-HCl buffer (pH 8.0) containing 100 mM 1,4-dithiothreitol (DTT) and 8 M 
guanidinium chloride. The final protein concentration was ~3 mg/mL. After mixing in a head-
over-tail rotator for 1 h at ambient temperature, 215 μL of acetonitrile, containing 2 % (v/v) 
TFA, was added and the mixture was mixed in a head-over-tail rotator for another 1 h. The 
solutions had a clear appearance, but were centrifuged as a precaution. After centrifugation 
(15 min, 22,000 x g, 20ºC) 20 µL of the supernatants were applied to a Shodex Protein KW-
803 column (300 x 8 mm; Showa Denko K.K., Tokyo, Japan). The column was equilibrated 
and run with 6 M urea containing 30 % (v/v) acetonitrile and 0.1 % (v/v) TFA. The flow rate 
was 0.5 mL/min and the absorbance of the eluate was monitored at 220 nm. The column was 
calibrated using various proteins in a molecular mass range of 0.308 to 669 kDa (glutathione, 
bradykinin, angiotensin, insulin chain B, aprotinin, ribonuclease A, β-lactoglobulin, 
chymotrypsin, aldolase, ovalbumin, albumin, catalase, ferritin, and thyroglobulin). The void 
volume of the column was ~ 5.8 mL, as determined from the volume at which thyroglobulin 
(669 kDa) eluted. The included volume was estimated using glutathione (308 Da) and was 
observed to be 12.7 mL. 
To enable comparison between the size distribution of the non-hydrolyzed proteins with those 
of hydrolysates and the aggregating peptides, the total area under the chromatograms was 
normalized. In order to facilitate comparison, the total area under the chromatograms of the 
aggregated peptides was corrected for the proportion of peptides that was aggregated. 
To determine the glycinin/β-conglycinin ratios in the SPIs, Glycinin and β-Conglycinin 
samples the area under the peaks (corrected for the difference in absorbance between glycinin 
and β-conglycinin at 220 nm) in the SEC chromatograms at 220 nm was used. On a weight 
basis, the absorbance of glycinin appeared to be a factor 1.25 higher than the absorbance of β-
conglycinin. Proteins eluting between 6.1-7.0 ml and 7.0-10 ml were considered to be β-
conglycinin and glycinin, respectively, as described previously (6). Due to the high solubility 
of trypsin inhibitors over a broad pH range (23), their presence in the SPIs, Glycinin and β-
Conglycinin samples is unlikely and is, therefore, neglected. 
 

RESULTS 

Differences in solubility of the Glycinin, β-Conglycinin and SPI 64/36 hydrolysates 

To elucidate the individual contributions of glycinin- and β-conglycinin-derived peptides in 
the SPI hydrolysates, first the aggregation behavior of hydrolysates from Glycinin and β-
Conglycinin was compared with the aggregation behavior of hydrolysates from SPI 64/36. 
The most remarkable observation in this study was that the Glycinin hydrolysates had much 
lower solubilities in the pH range from 7.0 to 8.0 than non-hydrolyzed Glycinin, as indicated 
by the arrow in Figure 1A. Before ionic strength adjustment at pH 8.0, the Glycinin 
hydrolysate at DH 2.2 % already showed a white haze. It became even more turbid upon ionic 
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strength adjustment to 0.03 M. The Glycinin hydrolysate at DH 6.5 % was already turbid 
when the desired DH was reached, and no extra aggregation could be visually observed upon 
adjustment of the ionic strength. After stepwise acidification of the Glycinin hydrolysate, the 
solubility of the DH = 2.2 % sample slightly decreased until pH 4.5, while it increased upon 
further acidification. With decreasing pH, the Glycinin hydrolysate at DH = 6.5 % showed 
almost no further decrease in solubility until pH 4.5. Below this pH the solubility increased 
slightly during acidification to pH 3.0. In the pH range from pH 4.0 to 8.0, the solubility at 
DH = 6.5 % is higher that at DH = 2.2 %. 
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Figure 1: Solubility curves for DH = 0 (●), 2.2 (○), and 6.5 (▼) % for Glycinin (A), β-Conglycinin 
(B), and SPI 64/36 (C) at 0.8 % (w/w) protein concentration (I = 0.03 M). The solubility was 
determined from the absorbance at 220 nm. The arrow indicates the decrease in solubility of the 
Glycinin hydrolysates compared to the non-hydrolyzed Glycinin. 
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In contrast to the Glycinin hydrolysates, the β-Conglycinin hydrolysates had a clear 
appearance, before and after ionic strength adjustment at pH 8.0, which is reflected in the 
~100 % solubility at this pH (Figure 1B). Upon decreasing the pH of the hydrolyzed β-
Conglycinin the pH at which the solubility started to decrease, increased with increasing DH.  
Interestingly, Figure 1C shows that around pH 8.0 the solubility of the non-hydrolyzed SPI 
64/36 and its hydrolysates was almost 100%. The overall solubility profile of SPI 64/36 and 
their hydrolysates as a function of pH was, therefore, similar to that obtained for β-
Conglycinin and its hydrolysates, with the main difference that the pH at which the solubility 
started to decrease was now the same for both DHs studied. 
All the hydrolysates had a minimum solubility in the pH 4 – 5 range. The solubility in this 
range increased with increasing DH, which agrees with the general observation that 
hydrolysis increases protein solubility (24, 25). Upon further decrease of the pH to 3, the 
solubility increased with decreasing pH. Glycinin and β-Conglycinin and their hydrolysates 
reached a solubility of ~80 % or higher at pH 3.0, whereas the solubility of SPI 64/36 and its 
hydrolysates at pH 3.0 remained below 80%. 
 
Contribution of tryptophan and tyrosine to the composition of aggregating peptides 

The solubility as a function of pH for SPI 64/36, Glycinin and β-Conglycinin and their 
hydrolysates as calculated from the A220 and A280 absorbances are shown in Figure 2.  

 
Figure 2: Solubility curves as a function of pH for Glycinin, β-Conglycinin, and SPI 64/36 at 0.8 % 
(w/w) protein (I = 0.03 M), with DH values of 0, 2.2 and 6.5 %. The solubility was determined from 
the absorbance at 220 nm (A220; ——) and 280 nm (A280; ······). The arrows indicate the difference in 
solubility for Glycinin when measured at different wavelengths. 
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For both Glycinin hydrolysates the solubility measured as A280 was lower than the solubility 
measured as A220 over the whole pH range for the two hydrolysates, whereas for β-
Conglycinin hydrolysates, as well as for all three non-hydrolyzed preparations, the solubility 
measured as A280 was similar to the solubility measured as A220. This indicates that, compared 
to the aggregating peptides from β-conglycinin, the aggregating peptides from glycinin seem 
to be enriched in the aromatic amino acids tryptophan and tyrosine that absorb light at 280 
nm.  
For the hydrolysates of SPI 64/36 the solubility measured as A220 is the same as the solubility 
measured as A280 at neutral pH, but the solubility measured as A280 decreases further with 
decreasing pH than the solubility measured as A220.   
 
Molecular size distribution of aggregating peptides 

The HP-SEC chromatograms of the non-hydrolyzed proteins, of their hydrolysates at DH 2.2 
and 6.5 %, and of the peptides aggregating at pH 5.0 are shown in Figure 3. For all 
hydrolysates it can be observed that the aggregating peptides represent all the larger peptides 
present in the hydrolysates. The aggregating peptides at DH = 6.5 % are smaller compared to 
the size of aggregating peptides at DH = 2.2 %. Peptides with a molecular mass below 3 kDa 
do not precipitate at pH 5.0 (black arrows).  
In Figure 3 only the chromatograms of the aggregating peptides at pH 5.0 are shown, since all 
pellets originating from one hydrolysate showed similar patterns at the various precipitation 
pH values (pH 3, 4, 5, 6, 7, and 8), and differed only in amount. The only exception to this 
were the peptide or peptides present in the peak eluting around 8.1 mL (~24 kDa; grey 
arrows), originating from β-conglycinin, which precipitated to a lower extent at the pH values 
tested above pH 5. Although we do not know whether this concerns one peptide, or various 
peptides with a similar mass, we denote peptides with an estimated mass of 24 kDa, as the 24 
kDa peptide. 
When comparing the chromatograms of the DH = 2.2 % hydrolysates with those of the DH = 
6.5 % hydrolysates (Figure 3), it is remarkable to see that a higher proportion of the larger 
peptides seem to aggregate at a lower DH than at a higher DH. The 24 kDa peptide present in 
the β-Conglycinin hydrolyzate is the best example of this phenomenon, since it remained 
almost completely soluble at DH 6.5 %, whereas at DH = 2.2 %, it precipitated almost 
completely.  
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Figure 3: HP-SEC chromatograms under denaturing conditions of Glycinin, β-Conglycinin, and non-
hydrolyzed SPI 64/36 (⎯⎯), hydrolysates (• • • •) thereof at DH = 2.2 and 6.5 %, and aggregating 
peptides (------) of the hydrolysates at pH 5.0. The samples were reduced prior to analysis. The 
secondary x-axis shows the apparent molecular mass eluting at that retention time. The black and grey 
arrows indicate the high solubility of small peptides and the presence of the hydrolysis-resistant ~24 
kDa peptide, respectively. 
 
Figure 4 shows the SDS-PAGE gel of non-hydrolyzed SPI 64/36, Glycinin and β-Conglycinin 
and their hydrolysates. The absence of β-conglycinin bands in Glycinin (lane 4), and the 
absence of glycinin bands in β-Conglycinin (lane 7) indicate that Glycinin and β-Conglycinin 
had a high purity. It should be noted that in the β-Conglycinin the β-subunit (~48 kDa) (15) 
was present in a relatively low amount compared to SPI 64/36.  
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Figure 4: SDS-PAGE gel under reducing conditions showing the marker (M), SPI 64/36 at DH 0, 2.2 
and 6.5 % (1-3), Glycinin at DH 0, 2.2 and 6.5 % (4-6), and β-Conglycinin at DH 0, 2.2 and 6.5 % (7-
9), respectively. In the SPI lane (1), the α/α’ subunits of β-Conglycinin (A), β subunit of β-
Conglycinin (B), the acidic polypeptides of Glycinin (except A5) (C), the basic polypeptide of 
Glycinin (D) and the acidic polypeptide A 5 of Glycinin (E) are indicated. 
 
The DH = 2.2 % samples show that at this DH non-hydrolyzed protein was no longer present. 
In the hydrolysates separate peptide bands were observed, corresponding to specific peptides 
that represent intermediate peptides in the degradation of the protein towards smaller peptides. 
The 24 kDa peptide that seems to be resistant to enzymatic hydrolysis, as shown in Figure 3, 
can also be observed in the SDS-PAGE gel and is present in both hydrolysates of SPI 64/36 
and β-Conglycinin, although its intensity in SPI 64/36 is lower due to the lower amount of β-
Conglycinin present in the SPI 64/36, when compared to the β-Conglycinin preparation itself.  
 
Aggregation behavior of peptides in hydrolysates of SPIs having different glycinin/β-
conglycinin ratios 

To determine how the individual aggregation behavior of glycinin and β-conglycinin peptides 
can be translated to “normal” SPI, SPIs with different glycinin/β-conglycinin ratios were 
prepared, as shown in Table 1. This table shows that an almost linear distribution of glycinin 
and β-conglycinin ratios was obtained over the six SPIs, which can also be observed from the 
SDS-PAGE gel as presented in Figure 5. This setup enabled us to control the protein 
composition, and use glycinin/β-conglycinin ratios that vary more than the variation present 
in cultivated  soybeans (26-28). 
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Figure 5: SDS-PAGE gel under reducing conditions showing the marker (M), SPI 92/8, SPI 79/21, 
SPI 64/36, SPI 49/51, SPI 35/65, and SPI 22/78. 
 
 
Table 1: Glycinin and β-conglycinin content of Glycinin, SPIs and β-Conglycinin, the pH interval at 
which they were obtained, htot, and the protein content of the freeze-dried preparations. 
Sample Precipitation  

pH interval 
Glycinin 

(%) a
β-Conglycinin 

(%) a
htot

b 
(meqv/g) 

Protein content 
(%)c

Glycinin  6.2-8.0 92 8 8.85 90.4 (± 3.7) 
SPI 92/8 6.2-8.0 92 8 8.85 85.9 (± 0.6) 
SPI 79/21 5.6-8.0 79 21 8.81 81.3 (± 2.9) 
SPI 64/36d 4.8-8.0 64 36 8.77 83.3 (± 1.6) 
SPI 49/51 5.0-6.2 49 51 8.73 76.2 (± 1.7) 
SPI 35/65 4.8-5.6 35 65 8.70 74.2 (± 1.0) 
SPI 22/78 4.8-5.0 22 78 8.66 78.1 (± 3.9) 
β-Conglycinin  4.8-5.0 12 88 8.63 80.3 (± 4.4) 
a As determined by HP-SEC (Weight %) 
b htot: Total number of peptide bonds in the protein substrate (meqv/g protein) (22). 
c The protein content is expressed as (w/w) % and measured in duplicate. 
d SPI 64/36 is same as used previously and can be considered as a reference SPI (6). 
 
The solubility curves as a function of pH obtained for hydrolysates of the various SPIs at DH 
= 2.2 and 6.5 % are shown in Figure 6. It can be clearly seen that the higher the glycinin 
content of the SPI, the higher the pH at which the solubility started to decrease (SPI 64/36, 
49/51, 35/65 and 22/78) or the lower the solubility at pH 8.0 (SPI 92/8 and 79/21) as indicated 
with the arrow (Figure 6A). This phenomenon can also be observed at DH = 6.5 % (Figure 
6B), but it is less clear than at DH = 2.2 %. All preparations displayed the same pH 
dependency around pH 4.5, followed by an increase in solubility upon further decrease of the 
pH. 
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Figure 6: Protein solubility as a function of pH for non-hydrolyzed SPI 64/36 (⎯⎯) , DH= 2.2 (A) 
and 6.5 % (B) for SPI 92/8(●•••●), SPI 79/21 (○⎯⎯○), SPI 64/36 (▼•••▼), SPI 49/51 (∇⎯⎯∇) 
SPI 35/65 (□•••□) and SPI 22/78 (■⎯⎯■) at 0.8 % (w/w) protein (I = 0.03 M). The shift in 
aggregation pH is indicated with the arrows. 
 

DISCUSSION 

Differences in aggregation behavior between glycinin and β-conglycinin hydrolysates  

The most remarkable result in this study was the difference in aggregation behavior of 
glycinin- and β-conglycinin-derived peptides. Around neutral pH, glycinin-derived peptides 
have a much stronger tendency to aggregate than β-conglycinin-derived peptides (Figure 1). 
This tendency of glycinin-derived peptides to form aggregates seems, therefore, to be the 
driving force in the previously observed shift in aggregation pH (i.e. the pH at which visible 
aggregation occurs) for hydrolysates of SPI when compared to non-hydrolyzed SPI (6). This 
was confirmed by the solubility behavior of hydrolysates of the various SPIs (Figure 6), 
showing that the higher the glycinin content, the lower the solubility around neutral pH. When 
translating the behavior of hydrolysates of Glycinin and β-Conglycinin to SPI, it was 

 48 



Glycinin- and β-conglycinin- derived  peptide aggregation 

observed that, when hydrolyzed separately, the hydrolysis of β-Conglycinin is up to 15 % 
slower than the hydrolysis of Glycinin (results not shown); a difference that is not very large. 
When the SDS-PAGE patterns of the hydrolysates of SPI are compared with those of the 
hydrolysates of the Glycinin and β-Conglycinin (Figure 4), it can be observed that several 
peptides present in the SPI hydrolysate also seem to be present in the hydrolysates of Glycinin 
and β-Conglycinin. This may indicate that the two purified proteins were indeed hydrolyzed 
into the same fragments when hydrolyzed individually or in a mixture, such as in the SPI. 
This difference in contribution to the total aggregation behavior between peptides derived 
from different proteins was also reported for the enzyme-induced gelation of a mixture of α-
lactalbumin and β-lactoglobulin (29). α-Lactalbumin-derived peptides were able to form 
much stronger gels than β-lactoglobulin-derived peptides. Moreover, the presence of β-
lactoglobulin-derived peptides even inhibited gelation of α-lactalbumin.  
 

Characteristics of peptides responsible for aggregation 

Subtilisin Carlsberg is known to have a broad specificity. It strongly prefers to cleave next to 
Leu, Tyr, Phe and Trp and also cleaves next to Gln, Ser, and Tyr (30, 31). Nevertheless, using 
SDS-PAGE clearly distinctive bands above 10 kDa can be seen in the hydrolysates. This 
indicates that the degradation of the proteins develops according to a specific pathway, 
resulting in a limited set of intermediate peptides that are degraded upon further hydrolysis. 
The only exception to this seems to be a 24 kDa peptide derived from β-conglycinin. This 
peptide is likely to be a stable end-product instead of an intermediate peptide and seems to 
accumulate with increasing DH (Figure 3 and 4), since the intensity increases with increasing 
DH, whereas the intensity of bands at higher molecular weight decreases. This stepwise 
degradation, via intermediate peptides, was also observed during hydrolysis of α-lactalbumin 
with a Bacillus licheniformis protease (BLP), in which α-lactalbumin was degraded into 
various intermediates of which one specific peptide proved to be resistant to further 
hydrolysis (32).  
The broad specificity of subtilisin Carlsberg would theoretically result in a huge number of 
peptides in the hydrolysates. Even though, as described above, there seems to be some degree 
of specificity, it remains difficult to speculate on the aggregation mechanism of glycinin 
peptides based on their amino acid composition. Nevertheless, amino acids containing 
aromatic rings that strongly absorb at 280 nm (tryptophan and tyrosine) seem to accumulate in 
the precipitate. This accumulation was mainly occurring for the aggregating peptides from 
glycinin, and almost absent in the precipitate of β-Conglycinin (Figure 2). Since tryptophan 
and tyrosine are relatively hydrophobic (33), this may suggest that hydrophobic interactions 
play a dominant role in the aggregation of glycinin-derived peptides. This hypothesis can be 
confirmed by comparing the amino acid sequences of glycinin and β-conglycinin. If 
hydrophobic interactions play a dominant role in the aggregation of glycinin-derived peptides, 
then in the hydrophobic patches of glycinin a relatively high proportion of tryptophan and 
tyrosine should be present. Therefore, hydrophobic patches were defined in all sequences of 
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glycinin and β-conglycinin subunits, by calculating the hydrophobicity according to 
Eisenberg (33).  The calculation was performed using the ProtScale software from the Swiss 
Institute of Bioinformatics (www.expasy.org), using a “window size” of 15 (= peptide range 
over which the average hydrophobic score is calculated). Those regions in the amino acid 
sequence for which the hydrophobic score was above 0, for at least 10 amino acids in a row, 
were regarded as hydrophobic patches. In these patches, as well as in the total protein, the 
proportion of tryptophan and tyrosine (mole %) was calculated and is presented in Table 2.  
 
Table 2: Proportion of tryptophan (Trp) and tyrosine (Tyr) in the proteins (mole %), average 
hydrophobicity and the pI of each polypeptide of glycinin and subunit of β-conglycinin, as well as the 
proportion of tryptophan and tyrosine present in the defined hydrophobic patches (mole %). 
 Subunit Poly-

peptide 
Average 

Hydrophobicity b
pI Proportion of 

Trp & Tyr in 
Proteina

Proportion of 
Trp & Tyr in 

Patchesa

Glycinin Gly 1 A1a -0.20 5.2 3.5 7.1 
  B2 0.03 6.3 2.8 3.3 

 Gly 2 A2 -0.20 4.9 3.3 5.2 
  B1a 0.04 6.1 3.3 3.3 

 Gly 3 A1b -0.19 5.1 3.2 4.8 
  B1b 0 8.0 2.2 2.9 

 Gly 4 A5 -0.03 5.5 3.1 6.6 
  A4 -0.42 4.7 2.7 4.8 
  B3 0 9.3 5.9 8.9 

 Gly 5 A3 -0.24 5.0 3.1 6.6 
  B4 -0.02 9.5 5.2 6.5 

β-Conglycinin α - -0.24 4.9 2.6 2.8 
 α' - -0.24 5.6 2.6 3.0 
 β - -0.11 5.2 2.9 3.1 

a mole % 
b
 Average hydrophobicity of the polypeptides according to Eisenberg (33) 

 
The proportion of tryptophan and tyrosine in the hydrophobic patches of all the acidic 
polypeptides of glycinin and the basic polypeptide of Glycinin 4 appeared to be more than 1.5 
times higher than the average proportion of tryptophan and tyrosine present in the complete 
protein (as indicated in grey). This indicates that the differences between the solubilities 
measured as the A220 and A280 could be due to the accumulation of the hydrophobic patches of 
the acidic polypeptides of glycinin and the basic polypeptide of Glycinin 4 in the precipitates. 
For β-conglycinin and the basic polypeptides of Glycinin 1, 2, 3, and 5, the tryptophan and 
tyrosine are less accumulated in the hydrophobic patches, i.e. more evenly distributed over the 
sequence, resulting in a similar development of the solubility measured as A220 and A280. 
Besides aggregation of the hydrophobic patches, also peptides originating from the basic 
polypeptides of Glycinin 1, 2, 3 and 5 were likely to be present in the precipitated glycinin-
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derived peptide fractions, since the basic polypeptides have a higher average hydrophobicity 
and pI than the acidic polypeptides as indicated in bold in Table 2, which might promote 
aggregation of peptides originating form these basic polypeptides. 
Although for β-conglycinin the proportion of tryptophan and tyrosine, as well as the average 
hydrophobicity and the pI are similar to those of the acidic polypeptide of glycinin, there are 
no indications that β-conglycinin-derived peptides show the same aggregation behavior at 
neutral pH. 
 
Inhibition of aggregation 

Glycinin hydrolysates have a solubility at pH 8.0 of ~40 and 60 % for DH = 2.2 and 6.5 %, 
respectively, while the SPI and β-Conglycinin hydrolysates are ~100 % soluble (Figure 1). 
This is remarkable because glycinin accounts for ~64 % of the total protein in SPI 64/36. 
Therefore, if it is assumed that glycinin, when present in SPI, is degraded into the same 
peptides as when hydrolyzed individually, a lower solubility of the SPI hydrolysate would be 
expected at pH 8.0. A possible explanation for this difference could be that in SPI peptides 
derived from β-conglycinin are present that inhibit aggregation. This can also be observed in 
Figure 3, in which it can be seen that with increasing DH, the total amount of precipitating 
peptides in the SPI hydrolysate decreases relatively more than the total amount of larger 
peptides in the hydrolysate. This is illustrated by the peak representing the 24 kDa peptide in 
β-Conglycinin. At DH 2.2 % the 24 kDa peptide is almost completely present in the pellet, 
whereas at DH = 6.5 % most of this peptide is present in the supernatant.  
Therefore, it can be hypothesized that peptides are present that can inhibit or change 
aggregate formation in soy protein hydrolysates. This is in agreement with observations by 
Sodini and co-workers (34), who observed that dairy yoghurts, supplemented with 
hydrolysates, showed a decreased viscosity with increasing supplementation. That peptides 
can change the properties of non-hydrolyzed proteins was also observed by Barbeau and co-
workers (35), who found that specific peptide fractions stabilized the structure of β-
lactoglobulin, and hypothesized that these peptides might have prevented interactions between 
denatured β-lactoglobulin and casein. The phenomenon that peptides can inhibit aggregation 
was also noticed in studies of blood platelet aggregation. It was found that milk- and soy-
derived “bioactive” peptides could inhibit blood platelet aggregation (12, 13).  
 
Our results indicate that in the case of soy proteins the peptides derived from β-conglycinin 
are predominantly responsible for the inhibition of peptide aggregation, whereas the peptides 
derived from glycinin have the opposite effect. The presence of peptides that have the ability 
to prevent aggregation may be interesting for the food industry, for use in products where 
aggregation of proteins is unwanted. 
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CHAPTER 4 

 
 

Soy glycinin as a dominant source of aggregating peptides 
using different proteases 

 
 

ABSTRACT 

This study was carried out to investigate whether peptides obtained after limited proteolytic 
hydrolysis of soy glycinin have the generic property to aggregate at neutral pH, and to what 
extent this depends on the protease used. Soy-derived proteins (soy protein isolate, glycinin, 
and β-conglycinin) and, as a reference, bovine whey-derived proteins (whey protein isolate, α-
lactalbumin, β-lactoglobulin) were heated and hydrolyzed to a degree of hydrolysis of 2.2 %. 
Subtilisin Carlsberg, chymotrypsin, trypsin, bromelain, and papain were used as enzymes. 
The solubility of the hydrolysates obtained was studied as a function of pH. As well as 
glycinin peptides obtained after hydrolysis with subtilisin Carlsberg, at neutral pH, glycinin 
hydrolysates obtained by hydrolysis with chymotrypsin, bromelain, and papain also showed a 
lower solubility compared to the non-hydrolyzed glycinin. This decrease in solubility was not 
observed for glycinin hydrolyzed by trypsin, and also not for hydrolysates from β-
conglycinin, soy protein isolate, and whey-derived protein preparations. These results show 
that glycinin has a strong tendency to aggregate upon limited hydrolysis in comparison to the 
other substrates.  Since chymotrypsin prefers to cleave next to hydrophobic amino acids, 
which are relatively abundant in the hydrophobic regions of glycinin, a stronger exposure of 
hydrophobic groups as a consequence of hydrolysis is probably the driving force in the 
aggregate formation of glycinin hydrolysates. 
 
 
 
 
 
 
 
 
Kuipers, B.J.H.; Alting, A.C.; Gruppen, H. Submitted 
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INTRODUCTION 

To use soy proteins in foods, depending on the application, these proteins must possess 
appropriate functional properties such as solubility, emulsifying, foaming, or gelling 
properties (1). A good solubility of proteinaceous material is a prerequisite for the 
manifestation of many functional properties. To obtain these functional properties the protein 
can be hydrolyzed, since this is known to be a means to improve the solubility, and 
emulsifying and foaming properties (2). However, enzymatic hydrolysis may also lead to an 
increase in hydrophobic exposure, which can prevent the solubility improvement.  
Upon hydrolysis of soy  and whey proteins (3-6) the solubility is indeed not always increased. 
In these cases, hydrolysis resulted in the formation of insoluble aggregates, indicating that 
peptides are formed with a stronger tendency to aggregate in comparison to the parental 
proteins. Enzymatic hydrolysis that promotes aggregation can be of industrial importance 
since it can for example be used in the production of soy milk curds (tofu) with an improved 
microstructure (7). Understanding the molecular basis for the different aggregation behavior 
of soy proteinaceous material after enzymatic hydrolysis can, therefore, be of help to improve 
the texture of protein rich foods. 
In the literature a lot of information can be found about the influence of enzymatic hydrolysis 
of proteins on the solubility or aggregation behavior of soy (8-13) and whey (6, 14, 15) 
proteins. However, it is difficult to compare these results. This is due to the fact that among 
these studies parameters influencing the aggregation behavior (e.g. pretreatment of the 
substrate, enzyme used, methods to determine the degree of hydrolysis, and the ionic strength 
and temperature) vary greatly. Therefore, accurate comparison of the effects of different 
proteases on soy proteins is lacking. Moreover, no information on the capability of the 
different soy proteins to yield aggregating peptides is available. 
Soy protein preparations mainly consist of the two storage proteins glycinin and β-
conglycinin, which in the literature are often referred to as 11S and 7S protein, respectively 
(16). In soy protein isolate (SPI) the proportion of glycinin is approximately 2 times higher 
than the proportion of β-conglycinin (17, 18). 
Recently, Zhong and co-workers (12) showed that various commercial protease preparations 
have the ability to induce gelation of SPI. However, the individual contributions of glycinin 
and β-conglycinin in these enzyme-induced gels from SPI were not studied. In a previous 
study (17) we have shown that limited hydrolysis of soy glycinin by the protease subtilisin 
Carlsberg results in a decrease in solubility at neutral pH. In contrast, β-conglycinin-derived 
peptides remained completely soluble at this pH. To investigate whether this phenomena is 
unique for the enzyme/substrate combination used, in the present study also other enzymes 
(bromelain, papain, trypsin, and chymotrypsin) were used. The effects of hydrolysis were 
studied with respect to the solubility as a function of pH, using the same conditions for each 
protease to enable a valid comparison. In addition, since whey proteins are known for their 
ability to aggregate upon hydrolysis (5, 6, 19), in this study also whey protein hydrolysates, 
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obtained via hydrolysis using subtilisin Carlsberg, chymotrypsin, and trypsin, were studied in 
order to determine the substrate dependency. 

 

MATERIALS AND METHODS 

Materials and chemicals  

SPI, glycinin and β-conglycinin were prepared from defatted soybean meal, prepared from 
Hyland soybeans (non-GMO) supplied by Fa. L.I. Frank (Twello, The Netherlands) as 
described previously (20). Densitometric analysis of an SDS-PAGE gel of SPI (10-20 % Tris-
HCl Ready Gel; Bio-Rad, Hercules, CA), showed that, by ascribing protein bands of 10 to 40 
kDa to glycinin and 50 to 90 kDa to β-conglycinin, at least 90 % of the protein bands present 
in the SPI originate from glycinin or β-conglycinin. The glycinin/β-conglycinin ratio was 
64/36 (w/w) as determined by size-exclusion chromatography. The glycinin and β-
conglycinin preparations obtained have a protein content of 87 % (N x 5.57) and 81 % (N x 
5.60), respectively. Both preparations have a purity > 95 % as determined by densitometric 
analysis of an SDS-PAGE gel containing both preparations (no data shown). BiProTM, 
BioPURE-AlphalactalbuminTM, and BioPURE-BetalactoglobulinTM were obtained from 
Davisco Foods International (Eden Prairie, MO). These protein preparations are further 
denoted as WPI, α-lactalbumin, and β-lactoglobulin, respectively. As specified by the 
supplier, all three whey protein preparations have a protein content of at least 95 % (w/w). α-
Lactalbumin and β-lactoglobulin both have a purity of at least 90 %. WPI was regarded to 
contain β-lactoglobulin, α-lactalbumin and BSA in a 0.80 : 0.14 : 0.06 weight ratio, as given 
by the supplier. 
Subtilisin Carlsberg from Bacillus licheniformis, chymotrypsin (TLCK treated), trypsin 
(TPCK treated), bromelain from pineapple stem, and papain from Papaya latex, were 
obtained from Sigma Chemical Co. (St. Louis, MO, USA, article numbers P-5380, C-3142, T-
1426, B-4882, and P-4762, respectively).  
Phenylmethylsulphonylfluoride (PMSF), Bowman-Birk Inhibitor (BBI), iodoacetamide (IAA) 
and E-64 were obtained from Sigma. All other chemicals were of analytical grade and were 
purchased from Merck (Darmstadt, Germany) or Sigma. 
 
Hydrolysis of protein preparations 

The SPI, glycinin, β-conglycinin, WPI, α-lactalbumin, and β-lactoglobulin preparations were 
suspended in Millipore water at concentrations of 1.5 - 2 % (w/w) protein and stirred 
overnight at 4°C. The pH was adjusted to 8.0, if necessary. The SPI suspension was 
centrifuged (20 min, 18,000 x g, 20°C), whereas the other preparations were filtered using a 
0.45 μm filter (Schleicher & Schuell GmbH, Dassel, Germany). The protein concentrations of 
the supernatant and filtrates were determined using the Dumas method. Solutions were 
subsequently diluted to 1 % (w/w) protein using Millipore water followed by heating at 95°C 
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for 30 minutes. The heated solutions all had a clear opaque appearance. Hydrolysates with 
degrees of hydrolysis (DH) of 2.2 % were prepared at pH 8.0 and 40ºC using subtilisin 
Carlsberg, trypsin, chymotrypsin, bromelain, and papain. The pH and DH were controlled 
using the pH-stat method by using a 719S Titrino (Metrohm ion analysis, Herisau, 
Switzerland). The htot values used for the determination of the DH were calculated on the 
basis of the amino acid compositions of the proteins used as found in Swiss-Prot 
(www.expasy.org; Primary accession numbers used were: P04776 (Glycinin 1; A1a and B2 
polypeptides), P04405 (Glycinin 2; A2 and B1a polypeptides), P11828 (Glycinin 3; A1b and 
B1b polypeptides), P02858 (Glycinin 4: A5, A4 and B3 polypeptides), P04347 (Glycinin 5; 
A3 and B4 polypeptide)), P11827(β-Conglycinin, α’-chain), P13916 (β-Conglycinin, α-
chain), and P25974 (β-Conglycinin, β-chain)).  
Since β-conglycinin is a glycoprotein and is reported to contain ~4.5% carbohydrates (21, 22), 
the nitrogen conversion factor can be calculated to be ~5.87. However, this value would be 
appropriate when the β-conglycinin content is determined. During proteolysis only the 
polypeptide chain is cleaved and all the sample preparations are standardized at the same 
polypeptide content. As a consequence, for β-conglycinin a nitrogen conversion factor of 5.60 
(based on the amino acid sequence) was used. For glycinin a nitrogen conversion factor of 
5.57 is calculated. In this work we regard SPI as containing only glycinin and β-conglycinin 
in a ~64/36 (w/w) ratio (17). Therefore, a nitrogen conversion factor of 5.58 was used for SPI. 
For WPI, α-lactalbumin, and β-lactoglobulin, the nitrogen conversion factors used were 6.32, 
6.25 and 6.34, respectively. They were based on their amino acid compositions as found in 
Swiss-Prot (www.expasy.org; Primary accession numbers used were: P02769 (BSA), P00711 
(α-lactalbumin), and P02754 (β-lactoglobulin). 
The htot values calculated were 8.77, 8.85, and 8.63 for SPI, glycinin, and β-conglycinin (17), 
respectively, and 8.78, 8.60, 8.80 for WPI, α-lactalbumin, and β-lactoglobulin, respectively. 
The enzyme concentrations used, as presented in Table 1, were experimentally determined to 
be sufficient to reach a DH of 2.2 % within ~20 minutes. The enzymes were dissolved in 
Millipore water and directly added to the solutions. The molarity of the NaOH solution used 
to maintain the pH at pH 8.0 was 0.2 M, and accurately determined by titration prior to each 
hydrolysis experiment. When the desired DH was reached, the enzymes were inhibited using 
the inhibitors at the concentrations presented in Table 1. Subtilisin Carlsberg and 
chymotrypsin were both inhibited using PMSF from a stock solution in 2-propanol. Trypsin 
was inhibited using BBI. Bromelain was inhibited by a mixture of IAA and E-64, whereas 
papain was inhibited solely by E-64. The pH-stat experiment was stopped after the enzyme 
was inhibited completely (the pH was constant at pH 8.0). Hydrolysates were freshly prepared 
prior to each experiment. 
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Table 1: Enzymes and corresponding inhibitors used during the hydrolysis. 
Enzyme  Inhibitor  
Type Concentration (% (w/w))  Type  Concentration (mM) 
Subtilisin Carlsberg 0.001  PMSF  1 
Chymotrypsin 0.002  PMSF  1 
Trypsin 0.002  BBI  0.005 
Bromelain 0.01  IAA + E-64  0.2 + 0.02 
Papain 0.02  E-64  0.02 
 
Solubility of hydrolysates 

The aggregation behavior of the hydrolysates and non-hydrolyzed solutions was studied via 
the solubility behavior at different pH values at a protein concentration of 0.8 % (w/w) (I = 
0.03 M). For determining the solubility of the non-hydrolyzed samples, the heated protein 
prior to hydrolysis was used. 
The ionic strengths of the heated, non-hydrolyzed, protein solutions were arbitrarily taken as 
0 M. During hydrolysis the ionic strength of the solutions increases due to the release of 
charged groups. The increase in ionic strength during hydrolysis is assumed to be equal to the 
amount of NaOH added to keep the pH at 8.0. This resulted in an increase in ionic strength of 
0.003 M for hydrolysates with a DH of 2.2 %. To end up with a final protein concentration of 
0.8 % and an ionic strength of 0.03 M, both Millipore water and a 0.5 M NaCl solution were 
added. The solutions were acidified stepwise from pH 8.0 to pH 3.0 using 1 M HCl. Samples 
were taken every 0.5 pH units. The samples were incubated in a head-over-tail rotator for 1 h. 
Part of the sample was kept apart and denoted as “total” sample. The remainder was 
centrifuged (20 min, 22,000 x g, 20°C). The concentration of proteinaceous material in the 
supernatant was determined by diluting the supernatant 200 times with 1 % (w/v) SDS in 
Millipore water. The same was done for the total sample. Subsequently, their absorbances at 
220 nm (A220) were determined using a Shimadzu UV-1601 spectrophotometer (Shimadzu, 
Kyoto, Japan). The absorbances measured were corrected for the minor dilutions occurring 
during the acidification with HCl. As a consequence, the solubility was calculated by 
expressing the A220 of the supernatant as proportion of the A220 of the total hydrolysate at pH 
8.0.  
 
Analysis of protein content 

The nitrogen content of the various samples was determined in duplicate by the Dumas 
method using an NA2100 Nitrogen and Protein Analyzer (CE INSTRUMENTS, Milano, 
Italy) according to the manufacturer’s instructions. Methionine was used as a standard. The 
nitrogen conversion factors for SPI, glycinin, and β-conglycinin are 5.58, 5.57, and 5.60, 
respectively. They were based on the average amino acid compositions of the proteins as 
found in Swiss-Prot, as shown above.  
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RESULTS 

Soy-derived proteins and their hydrolysates 

The intact, heated soy-derived proteins have solubilities between 90 and 100 % around pH 8.0 
and have a clear appearance in solution. Upon decreasing the pH, the solubility decreases and 
reaches its minimum around the pI of the protein and subsequently increases upon further 
acidification. Upon lowering the pH from 8.0, the solubility of glycinin starts to decrease at a 
higher pH value than β-conglycinin as can be observed in Figure 1. At a pH below the pI, β-
conglycinin starts to increase in solubility at a lower pH than glycinin. This difference is in 
line with the difference in solubility of native glycinin and β-conglycinin  (23). In fact, this 
difference is also used in the purification of the glycinin and β-conglycinin preparations by 
acid precipitation over different pH intervals (17). Figure 1 shows the solubility curves of 
soy-derived protein hydrolysates (DH = 2.2 %) obtained with subtilisin Carlsberg, 
chymotrypsin, trypsin, bromelain, and papain, together with the parental proteins. For all 
hydrolysates it can be observed that, independent of the enzyme used, the solubility increases 
around the pI (~pH 5). This agrees with the general observations that hydrolysis increases 
protein solubility. 
For the SPI hydrolysates obtained using subtilisin Carlsberg, chymotrypsin, bromelain, and 
papain, it can be observed that the hydrolysates are almost completely soluble above pH 7. 
They start decreasing in solubility below pH 7 and reach their lowest solubility around pH 
4.5. At pH 6.5 and 7.0, the solubilities of the hydrolyzed SPIs are lower than the solubilities 
of the non-hydrolyzed SPI (arrows A, D, G, and J). For the glycinin hydrolysates it can be 
observed that already at pH 8.0 hydrolysis results in a strong decrease in solubility when 
subtilisin Carlsberg, chymotrypsin, and papain are used (arrows B, E, and K). When using 
bromelain this decrease starts at pH 7.5 (arrow H).  
Upon hydrolysis of β-conglycinin with subtilisin Carlsberg and chymotrypsin, the 
hydrolysates are only slightly less soluble at pH 6 when compared to the solubility of non-
hydrolyzed β-conglycinin (arrows C and F). However, the bromelain and papain hydrolysates 
of β-conglycinin result in a lower solubility around neutral pH (arrows I and L).  
In general, it can be concluded that chymotrypsin, subtilisin Carlsberg, bromelain, and papain 
exhibit similar effects and yield hydrolysates with lower solubilities than that of the non-
hydrolyzed samples (at pH 7-8). This is in contrast to the solubilities of the hydrolysates 
obtained with trypsin, which are at each pH (with pH 3 as the only exception) similar or 
higher than those of the parental proteins. 
 

 60 



Glycinin as a source of aggregating peptides 

  

Fi
gu

re
 1

: S
ol

ub
ili

ty
 c

ur
ve

s (
0.

8%
 (w

/w
) p

ro
te

in
, I

 =
 0

.0
3 

M
) a

s a
 fu

nc
tio

n 
of

 p
H

 fo
r i

nt
ac

t (
●)

, h
ea

te
d 

SP
I, 

he
at

ed
 g

ly
ci

ni
n 

an
d 

he
at

ed
 β

-
co

ng
ly

ci
ni

n,
 a

nd
 th

ei
r D

H
 2

.2
 %

 h
yd

ro
ly

sa
te

s (
○)

 o
bt

ai
ne

d 
w

ith
 d

iff
er

en
t p

ro
te

as
es

.  

 61



Chapter 4 

Whey-derived proteins and their hydrolysates 

As can be observed in Figure 2, the intact whey-derived proteins used in this study, after 
heating for 30 minutes at 90°C at neutral pH, exhibit solubilities of ~100% at pH 6 and 
higher. The solubilities decrease to values between 20 and 40 % around the pI of the proteins. 
These are 4.80 and 4.83 for α-lactalbumin and β-lactoglobulin, respectively, based on their 
amino acid compositions as presented in Swiss-Prot. Upon further acidification, the solubility 
increases towards 100 % again.  
In general, native whey protein isolates have a good solubility at their pI. However, upon 
heating, the solubility around the pI is decreased (24). This can also be observed in Figure 2.  
The non-heated WPI, α-lactalbumin, and β-lactoglobulin have a solubility of ~ 85, 40, and 90 
%, respectively, around their pI (0.8% (w/w) protein, I = 0.03 M; results not shown). This 
shows that upon heating the solubility around the pI of all the whey-derived protein 
preparations decreased. 
As well as the solubility curves for the intact proteins, Figure 2 also shows the solubility 
curves for hydrolyzed whey-derived proteins (DH = 2.2 %) using subtilisin Carlsberg, 
chymotrypsin, and trypsin. The most remarkable observation was that, in contrast to soy 
glycinin (Figure 1), for all hydrolysates the solubility follows a similar trend to that of the 
corresponding non-hydrolyzed preparation. The only difference was that upon hydrolysis 
around the pI an increase in solubility can be observed.  

 
Figure 2: Solubility curves (0.8% (w/w) protein, I = 0.03 M) as a function of pH for intact (●), heated 
WPI, heated α-lactalbumin, and heated β-lactoglobulin and their DH 2.2 % hydrolysates (○) obtained 
with different proteases.  
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DISCUSSION 

Substrate and enzyme dependency of the solubility of hydrolysates 

In our previous work (17) we showed that upon hydrolysis of glycinin, subtilisin Carlsberg 
was able to decrease the solubility at neutral pH. In contrast, β-conglycinin hydrolysates 
remained soluble at this pH. To find out whether the decrease in solubility of subtilisin 
Carlsberg-hydrolyzed glycinin was unique for this substrate-enzyme combination the present 
study was performed in order to investigate whether also other enzymes, resulting in 
hydrolysates with different peptide compositions, were able to decrease the solubility of 
glycinin. Other substrates were also tested using the same enzymes. 
The most remarkable result of this study was that as well as subtilisin Carlsberg, when 
hydrolyzed to the same DH, also the actions of chymotrypsin, bromelain, and papain were 
able to strongly decrease the solubility of glycinin at neutral pH. Incubation with subtilisin 
Carlsberg also slightly decreases the solubility of SPI, whereas for trypsin no decrease in 
solubility was observed for any of the hydrolyzed substrates (Figure 1). Chymotrypsin and 
subtilisin Carlsberg both seem to result in hydrolysates with the same solubility behavior 
around neutral pH. They show a decrease in solubility for glycinin, and no change in 
solubility for β-conglycinin. Papain and bromelain were also able to slightly decrease the 
solubility of β-conglycinin.  
For whey protein isolates it is known that upon hydrolysis with Bacillus licheniformis 
protease (BLP) the whey proteins are hydrolyzed into peptides that have stronger aggregating 
properties compared to the parental protein (15, 19). For this reason, WPI, α-lactalbumin, and 
β-lactoglobulin were hydrolyzed by subtilisin Carlsberg, chymotrypsin, and trypsin to 
investigate whether these enzymes can also induce aggregation of whey proteins. The 
hydrolysates were studied under exactly the same conditions (0.8 % (w/w) protein, DH = 2.2 
%, I = 0.03 M) as used for the soy-derived proteins. From the results (Figure 2) it is clear that 
for each substrate-enzyme combination used there was no pH in the range of 3 to 8 at which 
the solubility was strongly decreased upon hydrolysis, although enzymes were used that have 
the capability to decrease soy protein solubility. 
Overall, it can be concluded that glycinin, compared to β-conglycinin and whey-derived 
proteins, has a strong tendency to aggregate upon hydrolysis by the proteases used in this 
study. This shows that there is a strong substrate dependency for the aggregation of proteins 
upon enzymatic hydrolysis. As well as the substrate dependency, there is also an enzyme 
dependency. Glycinin does not aggregate upon hydrolysis with trypsin, whereas it does 
aggregate upon hydrolysis with the other enzymes.  

 

Mode of action of proteases used 

As discussed above, glycinin has the strongest capacity to yield peptides that aggregate at 
neutral pHs. Trypsin was the only enzyme used that was not able to form strong aggregating 
peptides from glycinin. 

 63



Chapter 4 

Trypsin has a well-defined specificity, cleaving next to the hydrophilic amino acids Lys and 
Arg at the P1 position (25). Chymotrypsin has a broader specificity, strongly preferring 
cleavage next to aromatic amino acids (Tyr, Trp, Phe) and Leu in the P1 position, and to a 
much lower extent next to a few other amino acids (26). This difference between trypsin, 
cleaving next to hydrophilic amino acids, and chymotrypsin, cleaving next to hydrophobic 
amino acids, might be the key to the differences observed between the solubility profiles of 
glycinin hydrolysates obtained with these two enzymes. 
In contrast to trypsin, subtilisin Carlsberg is a relatively nonspecific protease, strongly 
preferring to cleave next to Leu, Tyr, Phe, and Trp and also cleaving next to Gln, Ser, and Tyr 
(27, 28). When only hydrolyzed to a DH of 2.2 % it is likely that cleavage first occurs at 
peptide bonds for which the enzyme possesses the highest selectivity. For subtilisin Carlsberg 
this seems to be similar to chymotrypsin. Only upon hydrolysis to higher DH values, 
significant cleavage next to amino acids to which the enzyme possesses a lower selectivity is 
expected. This may explain why SPI, glycinin, and β-conglycinin hydrolysates obtained after 
hydrolysis with subtilisin Carlsberg and chymotrypsin up to DH 2.2 % show the same 
solubility behavior.  
Papain is known to have a rather broad specificity. Nevertheless, there is a slight preference 
for Lys and Arg at the P1 position, and bulky hydrophobic (eg. Phe) amino acids at the P2 
position of the active site (29), which seems to be an intermediate between the activities of 
trypsin and chymotrypsin. Bromelain is known to have a broad specificity, but prefers 
hydrophilic amino acids in the P1 and P1’ positions, with the highest specificity for Glu, Asn, 
Lys, or Arg (P1) and Ala, Thr, or Ser (P1’) (30). Due to the broad specificity of papain and 
bromelain, it is difficult to speculate which peptide bonds will be split initially.  
Hydrophobic interactions are known to be the dominant driving force in peptide aggregation 
(11, 31). To induce aggregation upon hydrolysis it therefore might be of importance that the 
protease used is able to cut in the hydrophobic regions. This results in a disruption of these 
hydrophobic regions with an increased exposure of hydrophobic groups as a result. 
 

Distribution of cleavage sites 

Since trypsin and chymotrypsin have the best-defined specificities, their cleavage positions 
were studied in relation to the hydrophobicity score regions present in the protein. Figure 3 
shows the hydrophobicity of Glycinin 1 according to Eisenberg (32) as a function of its amino 
acid sequence. The dotted line between the acidic and basic polypeptide represents the 
disulfide bridge. Those regions in the amino acid sequence for which the hydrophobic score 
was above 0 for at least 10 amino acids in a row were regarded as hydrophobic regions, as 
indicated in grey in Figure 3. The dashes on top of the graph represent the position at which 
trypsin (“Try”: Arg and Lys) and chymotrypsin (“Chy”; Phe, Tyr, Trp, and Leu) prefer to 
cleave. These graphs were also prepared for Glycinin 2 to 5, β-conglycinin α, α’, and β, as 
well as for α-lactalbumin and β-lactoglobulin, but are not shown here. For Glycinin 1 it can be 
observed that chymotrypsin has more theoretical cleavage sites in the hydrophobic (grey) 
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regions than trypsin. Table 2 shows the proportions of amino acids present in the defined 
hydrophobic regions, the numbers of theoretical cleavage sites for trypsin and chymotrypsin 
for each protein, as well as the proportion of these cleavage sites present in the hydrophobic 
regions defined. 

 
 
Figure 3: Hydrophobicity chart of Glycinin 1, according to Eisenberg (32). The dotted line between 
the acidic and basic polypeptide represents the disulfide bridge. The grey regions represent the defined 
hydrophobic regions and the dashes represent the places where trypsin (Try) and chymotrypsin (Chy) 
can cleave. 
 
Table 2 shows that the proportions of amino acids present in the hydrophobic regions are 
rather similar for all proteins studied (~ 30 %), with the α`-chain of β-conglycinin (~22 %) as 
an exception. For glycinin and for β-conglycinin 47 - 54 % and 32 - 42 % of the chymotrypsin 
cleavage sites are present in the hydrophobic regions of the protein, respectively. For trypsin 
the cleavage sites for glycinin and β-conglycinin are 7 - 17 % and 7 - 8 % located in the 
hydrophobic regions, respectively. If selectivity is not taken into account, the probability that 
chymotrypsin cleaves in the hydrophobic regions of the protein is larger than that of trypsin. 
Cleavage in a hydrophobic region might yield a stronger exposure of hydrophobic groups. 
This might explain the stronger aggregation when hydrolyzed with chymotrypsin than with 
trypsin. 
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Table 2: Total number of trypsin and chymotrypsin cleavage sites in glycinin, β-conglycinin, α-
lactalbumin, and β-lactoglobulin, and their proportion as present in the hydrophobic regions.  
   Trypsin  Chymotrypsin 
 % of AA in 

hydrophobic 
regions 

 Total number 
of 

cleavage sites 

%  in 
hydrophobic 

regions 

 Total number 
of 

cleavage sites 

% in 
hydrophobic 

regions 
Glycinin 1 34.7  47 17  68 40 
Glycinin 2 34.3  43 12  67 49 
Glycinin 3 34.3  45 7  69 49 
Glycinin 4 28.9  63 13  72 47 
Glycinin 5 32.3  51 14  68 54 

β-Conglycinin α 28.7  74 7  86 35 
β-Conglycinin α’ 22.2  76 7  85 32 
β-Conglycinin β 30.0  49 8  81 42 

α-Lactalbumin 30.1  13 31  25 36 
β-Lactoglobulin 33.7  18 33  32 31 
  
For α-lactalbumin and β-lactoglobulin, the proportions of chymotrypsin cleavage sites present 
in the hydrophobic regions are quite similar (between 31 and 36 %) and lower than those for 
glycinin. The proportion of trypsin cleavage sites in the hydrophobic regions of α-lactalbumin 
and β-lactoglobulin is relatively high compared to those for glycinin and β-conglycinin. 
Nevertheless, they are substantially lower than the proportions of chymotrypsin cleavage sites 
present in the hydrophobic regions of glycinin. The latter might partly explain why α-
lactalbumin and β-lactoglobulin do not form aggregates upon hydrolysis with chymotrypsin.  
 
It can be concluded that glycinin is rather susceptible to aggregation upon limited hydrolysis 
using various non-specific proteases. The results further suggest that cleavage of peptide 
bonds in the hydrophobic regions might be important for the capacity to yield aggregating 
peptides. 
  

ACKNOWLEDGEMENTS 

The soybeans were kindly provided by Fa. L.I. Frank (Twello, The Netherlands). Leonie 
Hermans is acknowledged for performing some of the experiments. 
 

REFERENCE 

1. Kinsella, J.E. Functional-properties of soy proteins. J. Am. Oil Chem. Soc. 1979, 56, (3), 242-258.  
2. Kilara, A.; Panyam, D. Peptides from milk proteins and their properties. Crit. Rev. Food Sci. Nutr. 

2003, 43, (6), 607-633.  
3. Fuke, Y.; Sekiguchi, M.; Msuoka, H. Nature of stem bromelain treatments on the aggregation and 

gelation of soybean proteins. J. Food Sci. 1985, 50, 1283-1288.  

 66 



Glycinin as a source of aggregating peptides 

4. Inouye, K.; Nagai, K.; Takita, T. Coagulation of soy protein isolates induced by subtilisin 
Carlsberg. J. Agric. Food Chem. 2002, 50, 1237-1242.  

5. Ju, Z.Y.; Otte, J.; Zakora, M.; Qvist, K.B. Enzyme-induced gelation of whey proteins: Effect of 
protein denaturation. Int. Dairy J. 1996, 7, 71-78.  

6. Doucet, D.; Gauthier, S.F.; Foegeding, E.A. Rheological characterization of a gel formed during 
extensive enzymatic hydrolysis. J. Food Sci. 2001, 66, 711-715.  

7. Lee, C.W., and Jo, G.Y. The microstructures of soybean milk curds prepared by different 
coagulation methods. J. Food Sci. Nutr. 1997, 2, 259-262.  

8. Jung, S.; Murphy, P.A.; Johnson, L.A. Physicochemical and functional properties of soy protein 
substrates modified by low levels of protease hydrolysis. J. Food Sci. 2005, 70, (2), C180-C187.  

9. Jung, S.; Roussel-Philippe, C.; Briggs, J.L.; Murphy, P.A.; Johnson, L.A. Limited hydrolysis of 
soy proteins with endo- and exoproteases. J. Am. Oil Chem. Soc. 2004, 81, (10), 953-960.  

10. Kim, S.Y.; Park, S.W.; Rhee, K.C. Functional properties of proteolytic enzyme modified soy 
protein isolate. J. Agric. Food Chem. 1990, 38, 651-656.  

11. Zhong, F.; Xin, Y.; Yue, L.; Shoemaker, C.F. Papain-induced gelation of soy glycinin (11S). J. 
Food Sci. 2006, 71, (5), E232-E237.  

12. Zhong, F.; Wang, Z.; Xu, S.Y.; Shoemaker, C.F. The evaluation of proteases as coagulants for soy 
protein dispersions. Food Chem. 2007, 100, (4), 1371-1376.  

13. Mohri, M.; Matsushita, S. Improvement of water absorption of soybean protein by treatment with 
bromelain. J. Agric. Food Chem. 1984, 32, 486-490.  

14. Mutilangi, W.A.M.; Panyam, D.; Kilara, A. Functional properties of hydrolysates from 
proteolysis of heat-denatured whey protein isolate. J. Food Sci. 1996, 61, (2), 270-274.  

15. Ju, Z.Y.; Kilara, A. Gelation of hydrolysates of a whey protein isolate induced by heat, protease, 
salts and acid. Int. Dairy J. 1998, 8, (4), 303-309.  

16. Liu, K. Soybeans: Chemistry, Technology and Utilization. Chapman & Hall: New York, 1997.  
17. Kuipers, B.J.H.; van Koningsveld, G.A.; Alting, A.C.; Driehuis, F.; Voragen, A.G.J.; Gruppen, H. 

Opposite contributions of glycinin- and β-conglycinin-derived peptides to the aggregation 
behavior of soy protein isolate hydrolysates. Food Biophys. 2006, 1, 178-188. Chapter 3 in this 
thesis. 

18. Fehr, W.R.; Hoeck, J.A.; Johnson, S.L.; Murphy, P.A.; Nott, J.D.; Padilla, G.I.; Welke, G.A. 
Genotype and environment influence on protein components of soybean. Crop Science 2003, 43, 
(2), 511-514.  

19. Creusot, N.; Gruppen, H.; van Koningsveld, G.A.; de Kruif, C.G.; Voragen, A.G.J. Peptide-
peptide and protein-peptide interactions in mixtures of whey protein isolate and whey protein 
isolate hydrolysates. Int. Dairy J. 2006, 16, (8), 840-849.  

20. Kuipers, B.J.H.; van Koningsveld, G.A.; Alting, A.C.; Driehuis, F.; Gruppen, H.; Voragen, A.G.J. 
Enzymatic hydrolysis as a means of expanding the cold gelation conditions of soy proteins. J. 
Agric. Food Chem. 2005, 53, 1031-1038. Chapter 2 in this thesis. 

21. Hou, H.J.; Chang, K.C. Structural characteristics of purified β-conglycinin from soybeans stored 
under four conditions. J. Agric. Food Chem. 2004, 52, (26), 7931-7937.  

22. Koshiyama, I. Chemical and physical properties of a 7S protein in soybean globulins. Cereal 
Chem. 1968, 45, 394-404.  

23. Thanh, V.H.; Shibasaki, K. Major proteins of soybean seeds. A straightforward fractionation and 
their characterization. J. Agric. Food Chem. 1976, 24, 1117-1121.  

 67



Chapter 4 

24. Bertrand-Harb, C.; Baday, A.; Dalgalarrondo, M.; Chobert, J.M.; Haertle, T. Thermal 
modifications of structure and co-denaturation of α-lactalbumin and β-lactoglobulin induce 
changes of solubility and susceptibility to proteases. Nahrung 2002, 46, (4), 283-289.  

25. Chen, J.M.; Ferec, C. Trypsin. In Handbook of Proteolytic Enzymes, 2nd ed.; Barrett, A. J.; 
Rawlings, N. D.; Woessner, J. F., Eds.; Elsevier: London, 2004; pp 1483-1493. 

26. Graf, L.; Szilagyi, L.; Venekei, I. Chymotrypsin. In Handbook of Proteolytic Enzymes, 2nd ed.; 
Barrett, A. J.; Rawlings, N. D.; Woessner, J. F., Eds.; Elsevier: London, 2004; pp 1495-1501. 

27. Johansen, J.T.; Ottesen, M.; Svendsen, I.; Wybrandt, G. Degradation of B-chain of oxidized 
insulin by 2 subtilisins and their succinylated and N-carbamylated derivatives. C. R. Trav. Lab. 
Carlsberg 1968, 36, (20), 365-384.  

28. Ottesen, M.; Svendsen, A. The subtilisins. Methods Enzymol. 1970, 19, 199-215.  
29. Menard, R.; Storer, A.C. Papain. In Handbook of Proteolytic Enzymes, 2nd ed.; Barrett, A. J.; 

Rawlings, N. D.; Woessner, J. F., Eds.; Elsevier: London, 2004; pp 1125-1128. 
30. Napper, A.D.; Bennett, S.P.; Borowski, W.; Holdridge, M.B.; Leonard, M.J.C.; Rogers, E.E.; 

Duan, Y.J.; Laursen, R.A.; Reinhold, B.; Shames, S.L. Purification and characterization of 
multiple forms of the pineapple-stem-derived cysteine proteinases Ananain and Comosain. 
Biochem. J. 1994, 301, 727-735.  

31. Nagai, K.; Inouye, K. Insights into the reaction mechanism of the coagulation of soy protein 
isolates induced by subtilisin Carlsberg. J. Agric. Food Chem. 2004, 52, (15), 4921-4927.  

32. Eisenberg, D.; Schwarz, E.; Komaromy, M.; Wall, R. Analysis of membrane and surface protein 
sequences with the hydrophobic moment plot. J. Mol. Biol. 1984, 179, 125-142.  

 
 

 68 



 Prediction of molar extinction coefficients of proteins and peptides 

 
CHAPTER 5 

 
 

Prediction of molar extinction coefficients of proteins and 
peptides using UV absorption of the constituent amino 
acids at 214 nm to enable quantitative RP-HPLC-MS 

analysis 
 
 

ABSTRACT 

The molar extinction coefficients of 20 amino acids and the peptide bond were measured at 
214 nm in the presence of acetonitrile and formic acid to enable quantitative comparison of 
peptides eluting from reversed-phase high-performance-liquid-chromatography, once 
identified with mass-spectrometry (RP-HPLC-MS). The peptide bond has a molar extinction 
coefficient of 923 M-1cm-1. Tryptophan has a molar extinction coefficient that is ~30 times 
higher than that of the peptide bond, whereas the molar extinction coefficients of 
phenylalanine, tyrosine and histidine are ~6 times higher than that of the peptide bond. 
Proline, as an individual amino acid has a negligible molar extinction coefficient. However, 
when present in the peptide chain (except at the N-terminus) it absorbs ~3 times more than a 
peptide bond. Methionine has a similar molar extinction coefficient as the peptide bond while 
all other amino acids have much lower molar extinction coefficients. The predictability of the 
molar extinction coefficients of proteins and peptides, calculated by the amino acid 
composition and the number of peptide bonds present, was validated using several proteins 
and peptides. The measured and calculated molar extinction coefficients were in good 
agreement, which shows that it is possible to compare peptides analyzed by RP-HPLC-MS in 
a quantitative way. This method enables a quantitative analysis of all peptides present in 
hydrolysates once identified with RP-HPLC-MS.  
 
 
 
 
 
Kuipers, B.J.H.; Gruppen, H. J. Agric. Food Chem., accepted for publication.  
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INTRODUCTION 

Food-derived peptides may have a positive impact on body functions or condition and 
ultimately influence human health (1-4). In addition, peptides may also exert technofunctional 
properties (e.g. solubility and gelation) in foods. Using reversed-phase high-performance-
liquid-chromatography mass-spectrometry (RP-HPLC-MS) the sequence of peptides present 
in protein hydrolysates can be easily obtained when the sequence of the parental proteins is 
known (5, 6). Besides knowing the sequences of peptides, it is also important to know the 
quantities of the peptides of interest present in a peptide mixture.  
Quantification of all peptides present in a hydrolysate can be carried out via the determination 
of the peptide bonds as these are present in all peptides. The π electrons in the peptide bond 
are to some extent delocalized over three atoms: the peptide nitrogen, carbon and oxygen. At 
low wavelengths (180-220 nm), the π  π* transition in the peptide bond absorbs light (7). 
This absorbance can be used to estimate the relative amounts of peptides present in a 
hydrolysate. However, quantification based on the absorbance at 214 nm is not a common 
method, since in this wavelength region the absorption of the peptide bond is also 
conformation dependent (8). Furthermore, besides the peptide bond, several amino acid 
residues are reported to contribute significantly to the absorption (9, 10). Moreover, the 
absorbance of peptides is also pH dependent due to the absorption of the carboxylic acid 
group, which depends on whether the carboxyl group is protonated or not. This results in a 
variation of the absorbance around the pKa (~pH 3) of the free carboxylic acid in the peptides 
(11). This effect plays the most dominant role in dipeptides, and is decreasing with increasing 
peptide length (12, 13).  
Due to the complexity of absorption at 214 nm researchers are, in general, skeptic towards 
quantification of proteins at this wavelength. But for peptides devoid of tryptophan or 
tyrosine, there is no good alternative (14). As explained above, the complexity of the 
absorbance is much higher compared to the absorbance at 280 nm, resulting in a higher 
expected error at 214 nm. Nevertheless, this has to be accepted due to absence of good 
alternatives. The high complexity of the absorbance at 214 nm is probably the reason why, to 
our knowledge, no research is performed to validate whether the absorbance of peptides at 
214 nm can be predicted based on its amino acid composition. However, the rapid 
development of RP-HPLC-MS in the last years enables such an approach and the increase in 
research on (bio-active) peptides requires such an approach. To quantify the amounts of all 
peptides present in protein hydrolysates, the molar extinction coefficients of the individual 
peptides have to be known. In literature several, somewhat conflicting, data have been 
reported. Buck and co-workers (15) and GPMAW software (16) both calculate the molar 
extinction coefficient of a protein/peptide at 214 nm as the sum of the number of peptide 
bonds and the sum of the number of each type of amino acid multiplied by their individual 
molar extinction coefficients (ε). The molar extinction coefficients used by Buck and co-
workers (15) and GPMAW (16) can be found in Table 1. In the GPMAW software (16) no 
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reference or experimental data are provided for the molar extinction coefficient of the amino 
acids and the peptide bond. In addition in Table 1, the molar extinction coefficients of 
individual amino acids, manually deduced from the 200-230 nm wavelength scans given by 
Saidel and co-workers (9) and Wetlaufer (10) are shown as well. The values of Saidel and co-
workers (9) and Wetlaufer (10) were not aimed at representing the absorbances of individual 
amino acids in a peptide chain. Therefore, in these studies no value is presented for the 
absorbance of the peptide bond. In general, it can be seen that tryptophan, histidine, 
phenylalanine, and tyrosine are strong contributors to the absorbance at 214 nm. The values 
reported for these amino acids agree rather well with each other. However, there are large 
differences between the four studies with respect to the contributions of the peptide bond, 
asparagine, glutamine, cysteine, and methionine. 
 
Table 1: Molar extinction coefficients at 214 nm (M-1cm-1) of amino acids and peptide bond as found 
in literature and software. 
 GPMAW (16) Buck (15) Saidel (9)a Wetlaufer (10)a

Peptide bond 1,000 2,846 c -e - e

Tyrosine 5,000 5,755 5,450 6,100 
Histidine 5,000 6,309 5,700 5,550 
Phenylalanine 5,000 7,208 5,050 5,800 
Tryptophan 33,000 22,735 32,250 31,950 
Asparagine ~0b 2,846d 140 - e

Glutamine ~0b 2,846d 140 - e

Cysteine 1,000 ~0b 275 210 
Methionine 1,000 ~0b 1,050 1,100 
Proline ~0b ~0b 25 - e

a Manually deduced from wavelength scans given in the article. 
b Regarded not to have a significant influence on the absorption at 214 nm. 
c Determined as the difference in extinction coefficient at 214 nm between N-acetylphenylalanine and 

phenylalanine.  
d Regarded to be the same as the peptide bond. 
e  Not determined. 
 
Characterization of protein hydrolysates using RP-HPLC-MS would be improved if a quick 
and relatively easy method to quantify the amounts of individual peptides present based on 
their UV absorbances is available. A method as presented by Buck and co-workers (15) can 
be applied. However, one might doubt whether molar extinction coefficients and in particular 
those of asparagine and glutamine used in that work are correct. In this respect the values, 
although manually deduced, from the work of Saidel and co-workers (9) and from Wetlaufer 
(10) might be more correct. Another issue is the presence of proline. Proline, as a free amino 
acid, is reported to have a low molar extinction coefficient of ~25 M-1cm-1 (9), or not regarded 
as being a major absorbing group in proteins and peptides (15, 16). However, due to the 
cyclic nature of the three-carbon side chain to the nitrogen of the peptide backbone, proline 
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might show different absorption properties when present in a peptide chain (except when 
present at the N-terminus).  
In the present study we, therefore, measured the molar extinction coefficients of all 20 amino 
acids in the presence of 20 % (v/v) acetonitrile, and 0.1 % (v/v) formic acid (~pH 3). This 
condition is similar to conditions during RP-HPLC-MS analysis. First, the individual 
contributions of the peptide building blocks were measured: the individual amino acids and 
the peptide bond. The next step is the validation of the hypothesis that the molar extinction 
coefficients can be rather well predicted based on the individual contribution of the building 
blocks by measuring the molar extinction coefficients of several proteins and peptides. 
 

MATERIALS AND METHODS 

Materials and chemicals 

Amino acids were all purchased from Fluka (Buchs, Switzerland); alanine (A; 5130), arginine 
(R; 11040), asparagine (N; 11150), aspartic acid (D; 1190), cysteine (C; 30090), glutamine 
(Q; 49420), glutamic acid (E; 49450), glycine (G; 50050), histidine (H; 53370), isoleucine (I; 
58880), leucine (L; 61820), lysine (K; 62930), methionine (M; 64320), phenylalanine (F; 
78020), proline (P; 81710), serine (S; 84960), threonine (T; 89180), tryptophan (W; 93660), 
tyrosine (Y; 93830), and valine (V; 94620). 
Gly-Gly-Gly (H-3355), Gly-Gly-Pro (H-3470), Gly-Pro-Gly (H-9745), Pro-Gly-Gly (M-
1730), Gly-Tyr-Gly (GYG; H-3670), RGDS (H-1155),  YGGFLRR (Dynorphyn A (1-7); (H-
2660), GPRP (H-2935), and RPPGFSP (Bradikinin (1-7); H-1955) were obtained from 
Bachem (Heidelberg, Germany). RPPGFSPFR (Bradikinin; B-3259) was obtained from 
Sigma (St. Louis, MO, USA). RINKKIEK, EQLSTSEENSK, and YIPIQYVLSR, with a 
purity of ≥ 95 % as determined by RP-HPLC, were obtained from Ansynth (Ansynth Service 
BV, Roosendaal, The Netherlands).  
Polylysine (P2658) was obtained from Sigma (St. Louis, MO, USA) with a DP of ~190 as 
indicated by the supplier. Soy glycinin and β-conglycinin were prepared as described 
previously (17). α-Lactalbumin (Bovine; L5385), β-lactoglobulin (Bovine; L0130), BSA 
(Bovine; A4503), α-casein (Bovine; C6780), and lysozyme (Egg White; L6876) were 
obtained from Sigma (St. Louis, MO, USA). All other chemicals used were of analytical 
grade and purchased from Sigma or Merck. 
 
Determination of the protein/peptide concentration  

The nitrogen content of various proteins, peptides or solutions thereof was determined in 
duplicate by the Dumas method using an NA2100 Nitrogen and Protein Analyzer (CE 
INSTRUMENTS, Milano, Italy) according to the manufacturer’s instructions. Methionine 
was used as a standard. The nitrogen conversion factor for the various proteins was based on 
the average amino acid compositions as found in the Swiss-Prot database (www.expasy.org). 
The primary accession numbers used are: Glycinin (P04776, P04405, P11828, P02858, and 
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P04347), β-Conglycinin (P13916, P25974, and P11827), α-Lactalbumin (P00711), β-
Lactoglobulin (P02754), BSA (P02769), α-Casein (P02663, and P02662), and Lysozyme 
(P0698). In case more than one variety was present they were all regarded to be present in a 1 
: 1 ratio. 
 
Determination of the molar extinction coefficients of peptide building blocks 

All 20 amino acids, polylysine and Gly-Gly-Gly, Gly-Gly-Pro, Gly-Pro-Gly, and Pro-Gly-Gly 
were dissolved in 20 % (v/v) acetonitrile containing 0.1 % (v/v) formic acid, up to an 
accurately known concentration of ~5 mM. Aspartic acid, glutamic acid and tyrosine did not 
fully dissolve in the solvent used. Therefore for these amino acids, HCl was added up to 20 
mM, as well as to their corresponding sample blanks. The absorbance was measured at 214 
nm using a UV Shimadzu UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan). Several 
dilutions were prepared to obtain a calibration curve in the linear region of the 
spectrophotometer. 
 
Determination of the molar extinction coefficients of proteins and peptides.  

To validate whether the molar extinction coefficient of a protein or peptide can be predicted 
based on the amino acid composition as found in the Swiss-Prot database (www.expasy.org), 
the molar extinction coefficients of various proteins and peptides were analyzed. Of all 
proteins and peptides the protein content was determined using the Dumas method. Peptides 
that were hygroscopic or present in a too low quantity to weigh accurately (GPRP, 
YGGFLRR, RINKKIEK, EQLSTSEENSK, YIPIQYVLSR, RPPGFSP, and RPPGFSPFR) 
were pre-dissolved in water followed by determining the protein concentration in the solution 
using the Dumas method. Of each protein and peptide a stock solution was prepared 
containing an accurately known concentration between 0.5 and 1.0 mg/mL in 20 % (v/v) 
acetonitrile and 0.1 % (v/v) formic acid (v/v). These stock solutions were diluted 25 and 50 
times with the following 4 solutions: (1) 5 % (v/v) acetonitrile/0.09925 % (v/v) formic acid, 
(2) 20 % (v/v) acetonitrile/0.097 % (v/v) formic acid, (3) 35 % (v/v) acetonitrile/0.09475 % 
(v/v) formic acid, and (4) 50 % (v/v) acetonitrile/0.0925 % (v/v) formic acid. The 
acetonitrile/formic acid ratio was chosen to mimic RP-HPLC-MS analysis in which 100 % 
water/0.1% (v/v) formic acid is frequently (18) used as buffer A and 100 % acetonitrile/0.085 
% (v/v) formic acid is used as buffer B. No higher concentrations of acetonitrile were chosen, 
since in general peptides elute from an RP-HPLC column before 50 % (v/v) acetonitrile 
concentration is reached (5, 19, 20). To determine the molar extinction coefficient at 214 nm, 
the absorbance was measured using a UV Shimadzu UV-1601 spectrophotometer (Shimadzu, 
Kyoto, Japan). 
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Alkylation of α-lactalbumin 

α-Lactalbumin, dissolved in 8 M Urea, 50 mM Tris-HCl pH 8.0,  was reduced using 50 mM 
DTT at 40°C for 2 hrs, followed by alkylation for 1 hour in the dark using iodoacetamide 
(IAA) up to 150 mM. The pH was adjusted to 8.0 after IAA addition. After dialysis against 
Millipore water and freeze-drying, the alkylated, as well as the untreated α-lactalbumin, were 
dissolved in water containing 0.1 % (v/v) TFA  up to ~ 1 mg/mL. Subsequently, the samples 
were mixed in a 1 : 1 ratio with matrix solution (10 mg/mL sinapinic acid in 50% (v/v) 
acetonitrile and 0.3 % (v/v) TFA) and applied onto a MALDI plate. MALDI-TOF MS 
analysis was performed to verify whether alkylation was sufficient, using an Ultraflex 
workstation (Bruker Daltonics, Hamburg, Germany) equipped with a nitrogen laser of 
337 nm. The mass spectrometer was used in the positive mode. After a delayed extraction 
time of 340 ns, the ions were accelerated to a kinetic energy of 25 kV. The ions were detected 
in the linear mode. External calibration of the mass spectrometer was performed using protein 
calibration standard I (mass range 5000-20000 Da; Part-No. # 206355, Bruker Daltonics, 
Hamburg, Germany). 
The MALDI-TOF mass spectrum of untreated and alkylated α-lactalbumin showed a main 
peak at 14,177.8 and 14,642.1 Da, respectively (mass spectra not shown). Due to the presence 
of 8 cysteines in α-lactalbumin, upon alkylation an increase in mass of 464.4 Da (8 x 58.05) is 
expected, which is the exact difference in observed masses. Of both the untreated and 
alkylated α-lactalbumin the molar extinction coefficient was determined in duplicate using 20 
% (v/v) acetonitrile and 0.1 % (v/v) formic acid as described above. 
 

RESULTS 

Molar extinction coefficients of individual amino acids and the peptide bond 

Table 2 shows the determined molar extinction coefficients of all individual amino acids. 
Standard deviations were all below 4 % and, therefore, not individually presented in the table. 
It is clear that tryptophan has the highest molar extinction coefficient (29,050 M-1cm-1), 
followed by tyrosine, phenylalanine and histidine. These amino acids all three have similar 
molar extinction coefficients just above ~5,000 M-1cm-1. Of the sulfur containing amino acids 
methionine (980 M-1cm-1) has a higher absorbance than cysteine (225 M-1cm-1). All other 
amino acids have a molar extinction coefficient below 200 M-1cm-1. 
Prior to MS of peptides, usually the cysteines are reduced and alkylated to prevent the 
formation of new disulfide bridges (21, 22). In order to determine the effect of alkylation on 
the molar extinction coefficient of cysteine, α-lactalbumin was reduced and alkylated. After 
verifying that the alkylation was complete (material and method section), the molar extinction 
coefficient of the reduced and both reduced and alkylated α-lactalbumin was determined. 
There appeared to be no significant difference between the molar extinction coefficients of 
untreated and alkylated α-lactalbumin (no further data shown). Therefore, it can be concluded 
that alkylation does not change the molar extinction coefficient cysteine.  

 74 



 Prediction of molar extinction coefficients of proteins and peptides 

Table 2: Molar extinction coefficients of free amino acids (M-1cm-1) at 214 nm in 20 % (v/v) 
acetonitrile and 0.1 % (v/v) formic acid. 
Amino Acid ε (M-1cm-1)a  Amino Acid ε (M-1cm-1) a

Alanine (A) 32  Leucine (L) 45 
Arginine (R) 102  Lysine (K) 41 
Asparagine (N) 136  Methionine (M) 980 
Aspartic acid (D) 58  Phenylalanine (F) 5,200 
Cysteine (C) 225  Proline (P) 30 
Glutamine (Q) 142  Serine (S) 34 
Glutamic acid (E) 78  Threonine (T) 41 
Glycine (G) 21  Tryptophan (W) 29,050 
Histidine (H) 5,125  Tyrosine (Y) 5,375 
Isoleucine (I) 45  Valine (V) 43 

a  Standard deviations were all below 4 %. 
 
In order to estimate the molar extinction coefficient of the peptide bond, the molar extinction 
coefficient of polylysine was determined using Formula 1.  
 

bondspeptide

esinlyesinlyepolypeptid
bondpeptide n

)n*(ε−ε
=ε        [1] 

 
The molar extinction coefficient for polylysine was determined to be 182,200 ± 450 M-1cm-1. 
The molar extinction coefficient of lysine is 41 M-1cm-1 as presented in Table 2. Given the 
fact that polylysine has a DP of 190, this results in a molar extinction coefficient for the 
peptide bond of 923 M-1cm-1.  
 
Absorption of proline in a peptide chain 

Table 3 shows the molar extinction coefficients of the tri-peptides tri-glycine and the 
tripeptides with two glycines and one proline, in which proline is present at the N-terminus, 
C-terminus and in the middle of the peptide chain. It can be observed that Gly-Pro-Gly and 
Gly-Gly-Pro have extinction coefficients much higher that of Pro-Gly-Gly. The latter value is 
in the same range as that of the tripeptide Gly-Gly-Gly.  
 
Table 3: Measured molar extinction coefficients of the tri-glycine and tri-peptides with 2 glycines and 
1 proline in 20 % (v/v) acetonitrile and 0.1 % (v/v) formic acid. 
 ε (M-1cm-1)a   ε (M-1cm-1)a

Gly-Gly-Gly 1,080 ± 35  Gly-Pro-Gly 3,620 ± 5 
Pro-Gly-Gly 950 ± 5  Gly-Gly-Pro 3,880 ± 65 

 a Measured in duplicate. 
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Measured molar extinction coefficient of proteins and peptides.  

Table 4 shows the measured molar extinction coefficients of the several proteins and peptides 
analyzed. It can be clearly seen that, as expected, the protein exhibit higher molecular 
extinction coefficient than peptides. The values are the average of the observed molar 
extinction coefficients measured in duplicate at the 4 different acetonitrile concentrations (5, 
20, 35, and 50 % (v/v)) acetonitrile and ~0.1 % (v/v) formic acid. The low standard deviations 
presented in Table 4 show that there is not a significant influence of the acetonitrile 
concentration on the absorbance. In the observed variation between different acetonitrile 
concentrations no trend could be observed (results not shown). These results show that when 
comparing peaks in one RP-HPLC chromatogram, peaks can be compared without taking into 
account the acetonitrile concentration at the moment of elution. 
 
Table 4: Measured molar extinction coefficients (214 nm) of protein and peptides. 

Proteins εmeasured  

(M-1cm-1) 
Stdev
(%) 

 Peptides εmeasured  

(M-1cm-1) 
Stdev 
(%) 

Glycinin 972,700 0.8  RGDS 2,960 4.4 
β-Conglycinin 841,500 1.8  RINKKIEK 7,900 2.4 
α-Lactalbumin 292,500 2.0  EQLSTSEENSK 8,410 5.6 
β-Lactoglobulin 302,900 0.5  GYG 5,835 1.3 
BSA 1,155,700 1.0  YGGFLRR 18,000 4.5 
α-Casein 495,000 3.0  YIPIQYVLSR 22,000 5.2 
Lysozyme 258,400 1.2  GPRP 8,980 1.4 
    RPPGFSP 23,100 3.0 
    RPPGFSPFR 31,600 3.6 

 

DISCUSSION 

Molar extinction coefficients of protein and peptide building blocks 

The molar extinction coefficient of the peptide bond is determined based on the absorbance of 
polylysine at pH 3. This polypeptide was deliberately chosen since at this pH the polypeptide 
is present in a random coil conformation (23). The molar extinction coefficient was calculated 
to be 923 M-1cm-1. This value strongly deviates from the one reported by Buck and co-
workers as presented in Table 1 (15). Based on data of Goldfarb (11), the molar extinction 
coefficient of a peptide bond, also based on the absorbance of polylysine at 214 nm should be 
~ 1000 M-1cm-1, which is close to our findings and similar to the value used in GPMAW (16). 
Therefore, for all further calculations in this report, for the peptide bond a molar extinction 
coefficient of 923 M-1cm-1 is used. 
In Figure 1 the measured values of protein and peptide building blocks, as presented in Table 
2, are compared with values deduced from Saidel and co-workers (9), Wetlaufer (10), and 
those reported by GPMAW(16), and Buck and co-workers (15). The amino acids can be 
divided into four groups, based on their contributions relative to the molar extinction 
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coefficient of the peptide bond itself. The first group has a high contribution to the absorption 
at 214 nm, being larger than the absorption of the peptide bond (εamino acid > εpeptide bond : Pro 
(not at N-terminus), Trp, Tyr, His, and Phe). The second group has a rather similar molar 
extinction coefficient as the peptide bond (εamino acid ≈ εpeptide bond : Met). The third and fourth 
groups have molar extinction coefficients being lower than that of the peptide bond. The 
molar extinction coefficient of the third group is between 10 and 100 % of that of the peptide 
bond (10 % < εamino acid < 100 % εpeptide bond : Arg, Asn, Gln, and Cys), whereas the fourth 
group has an almost negligible molar extinction coefficient, being less than 10 % of the 
extinction coefficient of the peptide bond (εamino acid < 10% εpeptide bond : Pro (at N-terminus), 
Gly, Ala, Ser, Lys, Thr, Val, Ile, Leu, Asp, and Glu). Below, each group will be discussed 
individually. 

Figure 1: Molar extinction coefficients at 214 nm of measured and literature-values for the 
protein/peptide building blocks (peptide bond and individual amino acids) as presented by Saidel and 
co-workers (9), Wetlaufer (10), GPMAW(16) and Buck and co-workers (15).  
 
Group I εamino acid > εpeptide bond

Just as presented in all references, tryptophan is the most dominant contributor to the 
absorbance at 214 nm. Histidine, phenylalanine, and tyrosine have measured values around 
5,000 - 6,000 M-1cm-1, which is in the same range as the previously reported values.  
As an individual amino acid, proline does not show a significant absorbance (30 M-1cm-1) as 
also shown by Saidel and co-workers (9). This low absorbance is probably the reason why 
Buck and co-workers (15) and GPMAW(16) do not regard proline to be a significant 
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contributor to the absorbance of peptides and proteins. However, when the (secondary) amino 
group of proline participates in the peptide bond (Gly-Pro-Gly and Gly-Gly-Pro), the molar 
extinction coefficient strongly increases (Table 3). It should be noted that this increase is not 
observed when proline is present at the N-terminus of the peptide. The contribution of proline 
to the molar extinction coefficient of a protein or a peptide, when proline is present in other 
positions than the N-terminus, can be calculated by the difference in absorbance between Gly-
Gly-Gly and the average molar extinction coefficient of Gly-Pro-Gly and Gly-Gly-Pro. This 
results in a molar extinction coefficient for proline of 2,675 (± 155) M-1cm-1. Only when 
present at the N-terminus of a protein or peptide, we regard the contribution of proline to the 
absorbance to be 30 M-1cm-1, which is close to the value deduced from the work of Saidel and 
co-workers (9).  
 
Group II: εamino acid ~ εpeptide bond

Methionine is the only amino acid having a rather similar molar extinction coefficient as the 
peptide bond. The result found in this study is found to be in the same range as the ones 
deduced from Saidel and co-workers (9) and Wetlaufer (10). It is also quite similar to values 
used by GPMAW. In contrast, Buck and co-workers (15) assumed that methionine would not 
contribute significantly in the absorption at 214 nm. 
 
Group III: 10 % < εamino acid < 100 % εpeptide bond

Group III comprises cysteine, asparagine, glutamine and arginine. The measured molar 
extinction coefficient of cysteine was similar to the absorbances deduced from Saidel and co-
workers (9) and Wetlaufer (10). GPMAW(16), expects a higher contribution for cysteine, 
which is not in line with other reported values. It might be that GPMAW (16) deduced its 
values from Saidel and co-workers (9) but mixed up the value for cysteine with cystine. 
Alkylation was shown not to have a significant effect on the molar extinction coefficient of α-
lactalbumin. This indicates that upon alkylation as often used in peptide analysis, the molar 
extinction coefficient of alkylated cysteine will remain ~230 M-1cm-1 as presented for cysteine 
in Table 2. 
Buck and co-workers (15) assumed that glutamine and asparagine both have the same molar 
extinction coefficient as the  peptide bond due to the presence of the amide group. This 
assumption is to our opinion not valid. Our measured values and the values presented by 
Saidel and co-workers (9) show a much lower molar extinction coefficient of glutamine and 
asparagine, indicating that the assumption of Buck and co-workers (15) is indeed invalid. 
 
Group IV: εamino acid < 10% εpeptide bond

This group contains amino acids that hardly contribute to the absorbance of proteins and 
peptides when compared to the peptide bond. Proline, when present at the N-terminus, is also 
present in this group. 
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Validation of the molar extinction coefficients of proteins and peptides 

To validate whether the molar extinction coefficient of a protein or peptide can be calculated 
based on the absorbance of the individual building blocks, the molar extinction coefficients of 
the various proteins and peptides analyzed were calculated using Formula 2. This calculation 
is based on the assumption that the molar extinction coefficient of proteins and peptides at 
214 nm is only defined by the contribution of the peptide bonds present together with the sum 
of the contribution of the individual amino acids present. 
 

∑
=

−− ε+ε=ε
20

1i
)i(acidomina)i(acidominabondspeptidebondpeptide

11
peptide/protein nxnx)cmM(   [2] 

 
In Formula 2 the εpeptide bond is 923 M-1cm-1 and for εamino acid the values from Table 2 are used, 
with the only exception that for proline 2,675 M-1cm-1 (when not present at the N-terminus) is 
used. In Figure 2, the calculated molar extinction coefficients are compared with the values 
measured as presented in Table 4. In addition to this, also the molar extinction coefficients 
solely based on the absorption of the peptide bonds (εpeptide bond x npeptide bonds) are presented. 
The difference between the measured value and the calculated value only based on the peptide 
bond illustrates the significant contribution of the amino acids itself to the overall absorbance. 
 
Validation of the molar extinction coefficients of proteins 
It can be observed that the measured values for glycinin, β-conglycinin, α-lactalbumin and β-
lactoglobulin and BSA are quite close to the calculated values (error < 11 %), whereas the 
errors for α-casein and lysozyme are higher (20 and 25 %, respectively). For the calculation of 
the molar extinction coefficient of β-conglycinin (containing 2 or 4 GlcNAc per protein 
molecule (24, 25)), the molar extinction coefficient of GlcNAc (experimentally determined to 
be ~500 M-1cm-1) was not taken into account. The results show that the concentration of 
proteins can be rather well estimated by their absorbance at 214 nm, although the error is 
larger than when measuring the absorbance at 280 nm. Using this wavelength the error is 
reported to be below 2 % (26). The differences between calculated and measured values might 
have several reasons. The presence of impurities might be one of the reasons for the large 
errors. In this paper all protein and peptide preparations were regarded to be 100 % pure. 
Another reason for a high error when measuring at 214 nm might be the influence of the 
protein conformation (8). This is difficult to take into account in the calculation. However, it 
should be stated that the conformation has a larger effect on the absorbance at lower 
wavelengths (190-200 nm) than at 214 nm (8). 
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Figure 2: Measured and calculated molar extinction coefficients at 214 nm for various proteins (2A) 
and peptides (2B). Measured values are determined in the average of duplicate measurements at 4 
different acetonitrile concentrations. 
 
Validation of the molar extinction coefficients of peptides 
From Figure 2B it can be concluded that the molar extinction coefficient can be predicted 
rather well for the different peptides as can be observed by the small difference between the 
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measured and calculated values. Only the difference between the measured and calculated 
value of RPPGFSP and RPPGFSPFR is relatively large. 
When peptides do not contain amino acids that play a significant role in the absorbance at 214 
nm (Group III and IV; RGDS, RINKKIEK, and EQLSTSEENSK) the molar extinction 
coefficient is only defined by the absorbance of the peptide bond. Therefore, for some 
peptides it has a linear relation with the length of the peptide (27).  
When tyrosine is present in the peptides (GYG, YIPIQYVLSR and YGGFLRR), this clearly 
results in an increase in molar extinction coefficients and is rather well predictable based on 
the amino acid composition. 
The peptides that contain proline (GPRP) and proline with phenylalanine (RPPGFSP and 
RPPGFSPFR) clearly show a higher absorbance than only based on their peptide bonds. It 
shows, taking into account the relative high molar extinction coefficient of phenylalanine, the 
strong influence of proline on the absorption. However, for RPPGFSP and RPPGFSPFR, 
there is still a relative large error between the calculated and measured molar extinction 
coefficient. This might indicate that the contribution of proline to the molar extinction 
coefficient is not yet fully understood. It might be that when prolines are present next to each 
other, the absorbance is strengthened as in RPPGFSP(FR), but this aspect was not studied. 
The large differences observed in the molar extinction coefficients between peptides with a 
similar number of peptide bonds (e.g. RINKKIEK and RPPGFSP), illustrates the already 
mentioned necessity to find a method to estimate peptide concentrations based on their molar 
extinction coefficients during RP-HPLC analysis. 
 
Table 3 shows that Gly-Gly-Gly has a molar extinction coefficient of 1080 M-1cm-1, whereas 
a value of 1909 M-1cm-1 was expected according to Formula 2 and Table 2. A similar 
observation can be made for the absorbance of GYG, for which a value of 7,263 M-1cm-1 was 
expected and a value of 5,835 M-1cm-1 was measured. These results indicate that for these 
peptides probably the peptide bond does not have a molar extinction coefficient of 923 M-

1cm-1, but a lower value. However, the molar extinction coefficients for RGDS, RINKKIEK, 
and EQLSTSEENSK show that a molar extinction coefficient of 923 M-1cm-1 for the peptide 
bond is a good estimation. The reason for the lower molar extinction coefficient for Gly-Gly-
Gly can be due to influence of the terminal carboxyl group. If the terminal carboxyl group is 
charged, this influences the absorption of the peptide bond. The absorbance is lower below 
the pKa of the carboxyl group (~ pH 3) than above the pKa (11). Since this only counts for the 
C-terminal carboxyl group, its influence will decrease with increasing chain length (12, 13). 
Also, there is no difference between the measured and calculated molar extinction coefficient 
of RGDS. This shows that not for all small peptides a lower value is measured when 
compared to the calculated value.  
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Conclusion 

It can be concluded that based on the absorbance at 214 nm, and the known amino acid 
sequence of a peptide, the molar extinction coefficient can be predicted rather well. Therefore, 
Table 5 presents molar extinction coefficients of protein and peptide building blocks to be 
used in RP-HPLC-MS quantification. We are aware that due to the complexity of the peptide 
and protein absorbance at 214 nm there is still an error in the prediction of the molar 
extinction coefficients. Therefore, more research with the aim to better understand the 
absorbance of peptides at 214 nm will be needed. Nevertheless, when using the values 
presented in Table 5 a good estimation can be made of the peptide concentration, preventing 
large over- or underestimations of peptide amounts present.  
 
Table 5: Molar extinction coefficients of protein and peptide building blocks for calculation of the 
molar extinction coefficients of peptides and proteins. 
Building Block ε (M-1cm-1)  Building Block ε (M-1cm-1) 

Group I: εamino acid > εpeptide bond    
Proline (not at N-terminus) (P) 2,675  Tyrosine (Y) 5,375 
Histidine (H) 5,125  Tryptophan (W) 29,050 
Phenylalanine (F) 5,200    

Group II: εamino acid ~ εpeptide bond    
Peptide bond 923  Methionine (M) 980 

Group III: 10 % < εamino acid < 100 % εpeptide bond   
Arginine (R) 102  Glutamine (Q) 142 
Asparagine (N) 136  Cysteine (C) 225 

Group IV: εamino acid < 10% εpeptide bond    
Glycine (G) 21  Valine (V) 43 
Proline (at N-terminus) (P) 30  Isoleucine (I) 45 
Alanine (A) 32  Leucine (L) 45 
Serine (S) 34  Aspartic acid (D) 58 
Lysine (K) 41  Glutamic acid (E) 78 
Threonine (T) 41    
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CHAPTER 6 

 
 

Functional region identification in proteins by 
accumulative-quantitative-peptide-mapping using RP-

HPLC-MS  
 
ABSTRACT 

A new method was developed to identify regions in proteins from which peptides are derived 
with specific functional properties. This method is applicable for systems in which peptides of 
a hydrolyzed protein posses specific functional properties, but are too large to be sequenced 
directly and/or that the peptide mixture is too complex to purify and characterize each peptide 
individually. In the present work, aggregating peptides obtained by proteolytic hydrolysis of 
soy glycinin were used as a case study. The aggregating peptides are isolated and 
subsequently further degraded with trypsin to result in peptides with a mass < 5,000 Da in 
order to enable sequence identification using RP-HPLC-MS in combination with MS/MS. 
Prior to RP-HPLC the peptides are fractionated using anion and cation exchange 
chromatography. The fractions obtained are analyzed with RP-HPLC-MS. The peptides, with 
identified sequences, were quantified using the peak areas of the RP-HPLC chromatograms 
measured at 214 nm. Next, the peak areas were corrected for the molar extinction coefficient 
of the individual peptides, followed by accumulative-quantitative-peptide-mapping. The 
results show that in complex systems, based on the method described, the regions in the 
parental protein from which the functional peptides originate can be properly identified. 
 
 
 
 
 
 
 
 
 
Kuipers, B.J.H.; Bakx, E.J.; Gruppen, H. Submitted. 

 85



Chapter 6 

INTRODUCTION 

In literature several studies can be found on the ability of proteases to yield peptides that have 
strong aggregating properties (1-3). Upon limited hydrolysis of soy glycinin we have shown 
previously (4, 5) that various proteases, having a broad specificity, are able to form a wide 
range of peptides with strong aggregating properties. These peptides have molecular masses 
ranging from ~5,000 to 25,000 Da.  Due to their large molecular masses it can be assumed 
that many different peptides are present, which largely overlap in sequence. 
Knowing the sequences of the aggregating peptides in a protein hydrolysate is of prime 
interest to understand the aggregation mechanism. The easiest method to analyze the 
sequences of peptides in a protein hydrolysate is by direct analysis on RP-HPLC-MS. 
However, identification of peptide sequences using ESI Iontrap MS in combination with 
Tandem Mass Spectrometry (MS/MS) (6) requires peptide masses below ~ 4,000 Da for 
positive sequence identification. If the molecular masses of the peptides of interest are higher, 
as is the case for the aggregating peptides from glycinin, a different method has to be used. 
The most obvious method is first to isolate all aggregating peptides individually, followed by 
quantification of the individual peptide concentration. Methods for separation might be RP-
HPLC or 2-D electrophoresis. For determination of the peptide sequences, each individual 
peptide fraction can be studied by N-terminal sequencing followed by determination of the 
total mass by using, e.g., Maldi-TOF (7-10). However, if the peptides of interest comprise a 
wide range of peptides which overlap in sequence, accurate separation of the individual 
peptides is not feasible. 
Therefore, if functional peptides have masses above ~5,000 Da and largely overlap in 
sequence, a new method has to be used. Such a method is described in this paper. This 
method, denoted accumulative-quantitative-peptide-mapping, does not have the aim to 
identify the sequence of the peptides of interest, but aims to identify those regions in the 
parental protein from which the functional peptides originate. This method is schematically 
presented in Figure 1. 
The functional peptides (e.g. peptides with strong aggregating properties) are first isolated 
from peptides not contributing to the functionality of interest. To decrease the peptide mass, 
enabling positive sequence identification with RP-HPLC-MS, subsequently tryptic digestion 
is performed.  Because of the expected overlap in sequence, tryptic digestion of the 
overlapping sequences from different functional peptides mainly results in the accumulation 
of identical peptides from the overlapping regions. The tryptic digest is fractionated (e.g. RP-
HPLC) followed by identification (MS/MS), quantification (absorbance at 214 nm (11)) and 
peptide mapping projected towards the sequence of the parental protein. The amino acids in 
the sequence of the parental protein, for which the strongest accumulation takes place, reveal 
those regions in the parental protein from which the functional peptides mainly originate. 
These regions can be defined as the major functional peptide region of the protein (in Figure 
1: around the amino acids 150 to 200).  
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Figure 1: Identification of the functional regions of proteins by accumulative-quantitative-peptide-
mapping. The parental protein is selectively degraded into “large functional peptides” that are isolated 
in a functional peptide fraction based on a specific functional property, followed by a second, 
complete degradation of the peptides in the functional peptide fraction by trypsin. Each peptide is 
identified and quantified. Next, all peptides are mapped onto the amino acid sequence of the parental 
protein, taking into account their abundance. Those regions in the protein sequence with the highest 
accumulation per amino acid reveal the functional regions in the parental protein from which the 
peptides of interest originate. The grey arrows (↓) indicate the position at which the enzyme can 
cleave. To simplify the scheme, the specificity of the first proteolytic digestion is taken to be the same 
as trypsin. 
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The aim of the present study was to develop a quantitative method to identify those regions in 
a protein from which the peptides predominantly originate that have specific functional 
properties. In this study aggregating peptides from soy glycinin are used as an example. It is 
envisaged that this method can also be applied to other function peptide mixtures, containing 
peptides being too large to be analyzed directly by RP-HPLC-MS, and too complex to be 
separated into its individual peptides. 

 

MATERIALS AND METHODS 

Materials and chemicals 

Glycinin was prepared from defatted SBM (from Hyland soybeans) by precipitation of the pH 
8.0 soluble proteins at pH 6.2 using 1 M HCl, as described previously (5). Glycinin has a 
protein content of 87 % (w/w) (N x 5.57) as determined by the Dumas method and a purity > 
95 % as determined by densitometric analysis of the SDS-PAGE gel (no data shown).  
Chymotrypsin (TLCK treated), trypsin (TPCK treated), and bradykinin were obtained from 
Sigma Chemical Co. (St. Louis, MO, USA; article numbers C-3142, T-1426, and B-3259, 
respectively). The eluents used for RP-HPLC-MS were all of HPLC grade. All other 
chemicals were of analytical grade and were purchased from Merck (Darmstadt, Germany) or 
Sigma (St. Louis, MO, USA). 
 
Analysis of the protein content 

The nitrogen contents of the various samples were determined in duplicate by the Dumas 
method using an NA2100 Nitrogen and Protein Analyzer (CE INSTRUMENTS, Milano, 
Italy) according to the manufacturer’s instructions. Methionine was used as a standard. The 
nitrogen conversion factor for purified glycinin is 5.57, based on the average amino acid 
compositions of the 5 different subunits of glycinin as found in the Swiss-Prot database 
(www.expasy.org; Primary accession numbers used were: P04776 (Glycinin 1; A1a and B2 
polypeptides), P04405 (Glycinin 2; A2 and B1a polypeptides), P11828 (Glycinin 3; A1b and 
B1b polypeptides), P02858 (Glycinin 4: A5, A4 and B3 polypeptides), and P04347 (Glycinin 
5; A3 and B4 polypeptides)). Equal molar abundance of the subunits was assumed. 
 
Hydrolysis of glycinin 

Glycinin was suspended in Millipore water at a concentration of 1.5 - 2 % (w/w) protein and 
stirred overnight at 4°C. The pH was adjusted to 8.0, if necessary. The glycinin suspension 
was filtered using a 0.45 μm filter (Schleicher & Schuell GmbH, Dassel, Germany). The 
protein concentration of the filtrate was determined using the Dumas method. The solution 
was diluted to 1 % (w/w) protein using Millipore water followed by heating at 95°C for 30 
minutes. The heated solution had a clear appearance. The heated glycinin solution (150 mL) 
was hydrolyzed by chymotrypsin up to a degree of hydrolysis (DH) of 2.2 % at pH 8.0 at 
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40°C. The pH and DH were controlled using the pH-stat method by using a 719S Titrino 
(Metrohm ion analysis, Herisau, Switzerland). The htot used for the calculation was 8.85 
meqv/g, calculated based on the average amino acid composition of the glycinin subunits. The 
enzyme :  protein ratio was 1 : 350 (w/w). The chymotrypsin was dissolved in Millipore water 
and directly added to the glycinin solutions. The molarity of the NaOH solution used to 
maintain the pH at 8.0 was 0.1 M. When the desired DH was reached, the enzymatic 
hydrolysis was stopped by addition of a 100 mM phenylmethylsulphonyl fluoride (PMSF) 
solution in 2-propanol to a final concentration of 1 mM. The pH-stat experiment was stopped 
when the pH remained stable at pH 8.0. After cooling down to room temperature, Millipore 
water and NaCl (from a 2 M stock solution) were added to end up with a protein 
concentration of 0.8 % (w/w) and an ionic strength of I = 0.03 M, as described previously (5). 
The pH was adjusted to 8.0 if necessary. The addition of NaCl induces aggregation. After 1 hr 
stirring, a sample was taken, whereas the rest was centrifuged (5 min, 5,000 x g, 20°C). 
Analysis of the protein content of the sample before centrifugation and the supernatant after 
centrifugation showed that ~43 % of the proteinacious material was aggregated. The pellet 
was washed by re-suspending it in Millipore water containing 0.03 M NaCl (~ 1 : 7 ratio of 
pellet : water) and centrifuged again (5 min, 5,000 x g, 20°C).  This washing step was 
repeated twice. During the washing the pH of the suspension remained 8.0. After washing, the 
pH of the pellet was decreased to ~2.5 using trifluoroacetic acid to resolubilize the peptides, 
followed by freeze drying. These freeze dried peptides are further denoted aggregating 
peptides. 
 
Tryptic digestion of aggregating peptides  

Aggregating peptides (20 mg) were dissolved in 600 µL of 20 mM Tris-HCl buffer (pH 8.0) 
containing 8 M urea and 15 mM DTT. The solution was kept for 30 minutes at 60°C. 
Iodoacetamide (IAA) was added up to 30 mM and incubation took place in the dark for 30 
minutes to alkylate the peptides. Every 10 minutes the pH was verified and adjusted to 8.0 if 
necessary using 1 M NaOH. The samples were diluted to 1.6 M urea by the addition of 20 
mM Tris-HCl buffer (pH 8.0). This resulted in partial aggregation of the peptides as observed 
by an increase in turbidity. The alkylated aggregating peptides were degraded by trypsin in 3 
cycles. First, trypsin was added in an enzyme protein ratio (w/w) 1 : 50 followed by 
incubation at 37°C for 4 hrs. The hydrolyzed sample was centrifuged (15 min, 24,000 x g, 
20°C). The pellet was re-suspended in 20 mM Tris-HCl buffer (pH 8.0) containing 8 M urea. 
The solution obtained was diluted to 1.6 M urea by the addition of 20 mM Tris-HCl buffer 
(pH 8.0). Trypsin (0.1 mg) was added to the re-suspended pellet and incubated overnight at 
37°C in the presence of 0.02 % (w/v) sodium azide. After incubation, the sample was treated 
the same way as described above, by re-suspending in 8 M urea, dilution to 1.6 M urea and 
incubation for 2 hrs with 0.1 mg trypsin at 37°C in the presence of 0.02 % (w/v) sodium 
azide. The hydrolysate was mixed with the supernatants of the first and second tryptic 
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hydrolysis cycle, followed by centrifugation (15 min, 24,000 x g, 20°C) prior to fractionation 
using ion exchange chromatography. 
In addition to the aggregating peptide fraction, also the total hydrolysate after chymotryptic 
hydrolysis, containing the aggregating as well as the non-aggregating peptides, was 
hydrolyzed in 3 cycles with trypsin as described above. 
 
Ion exchange chromatography (IEX) 

An aliquot (1.4 mL) of the supernatant of the tryptic digest of the aggregating peptides was 
diluted with 0.8 mL Millipore water and filtered through a 0.45 µm filter (Schleicher & 
Schuell, Dassel, Germany). Next, 2 mL of the filtered peptide solution was applied onto a 1 
mL Mono Q 5/50GL anion exchange column (Amersham Biosciences, Uppsala, Sweden). 
Solvent A (20 mM Tris-HCl buffer, pH 8.0) and solvent B (20 mM Tris-HCl buffer, pH 8.0 
containing 2 M NaCl) formed the eluent in the following consecutive steps: 3 mL isocratic 
elution at 100 % A; 10 mL sample injection; linearly to 50 % B in 60 mL; linearly to 100 % B 
in 15 mL; 5 mL isocratic elution at 100 % B; linearly to 100 % A in 3 mL; 12 mL isocratic at 
100 % A. The flow rate was 2 mL/min, except during the injection stage at which the flow 
rate was 1 mL/min. Fractions of 1 mL were collected. The eluent was monitored at 214 nm. 
The non-bound fractions (fractions 1-12) were pooled and applied on a cation exchange 
column as described below. 
The pH of the non-bound fractions on the anion exchanger was decreased to pH 3.5 using 
formic acid. Millipore water was added up to 23 mL and filtered through a 0.45 µm filter 
(Schleicher & Schuell, Dassel, Germany). Only 20 mL (4 times 5 mL) of the 23 mL unbound 
peptide fraction was applied on a 1 mL cation exchanger, Mono S 5/50GL (Amersham 
Biosciences, Uppsala, Sweden). Solvent A (20 mM formic acid) and solvent B (20 mM 
formic acid containing 2 M NaCl) formed the eluent in the following subsequent steps: 3 mL 
isocratic elution at 100 % A; 38 mL sample injection (every ~7 mL, a 5 mL sample was 
injected); linearly to 30 % B in 15 mL; linearly to 100 % B in 17 mL; 10 mL isocratic elution 
at 100 % B; linearly to 100 % A in 3 mL; 12 mL isocratic at 100 % A. The flow rate was 2 
mL/min, except during the injection stage where the flow rate was 1 mL/min. Fractions of 1 
mL were collected. The eluate was monitored at 214 nm. 
 
RP-HPLC-MS 

Of all bound fractions collected from anion (25 fractions) and cation (27 fractions) exchange 
chromatography, 300 µL was taken. Next, to all fractions 16.5µL acetonitrile was added, 
followed by the addition of 14 µL of 5 % (v/v) and 3.2 % (v/v) formic acid for the anion and 
cation exchange chromatography fractions, respectively. All unbound fractions (38 mL) from 
the cation exchange column were pooled and 6 mL was freeze dried and subsequently 
dissolved in 300 µL Millipore water followed by the addition of 16.5µL acetonitrile and 14 
µL 3.2 % (v/v) formic acid. Next to the bound and unbound samples, a sample of the tryptic 
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digest of the total chymotryptic hydrolysate was diluted 8 times with a solution of 5 % (v/v) 
acetonitrile in water containing 0.1 % (v/v) formic acid.  
After 1 hr mixing (head-over-tail) all samples were centrifuged (15 min, 24.000 x g, 20°C) 
and 100 µL was injected onto a reversed phase C18 column (218MS52; 250 x 2.1 mm 5µm) 
(Grace Vydac, Hesperia, CA, USA), installed on a Spectra System HPLC (Thermo Separation 
Products, Fremont, CA, USA). A flow rate of 0.2 mL/min was used. The solvents used were 
Millipore water containing 0.1 % (v/v) formic acid (Solvent A) and acetonitrile containing 
0.085 % (v/v) formic acid (Solvent B). The elution used was as follows: from 0 to 10 min, 5 
% B (isocratic); linear gradient up to 45 % B till 80 min; linear gradient up to 95 % B till 90 
min; isocratic elution with 95 % B for 5 minutes; linear gradient to 5 % B till 96 min followed 
by isocratic elution with 5 % B till 110 minutes. All HPLC operations and data processing 
were controlled by Chromeleon version 6.7 software (Dionex Corporation, Sunnyvale, USA). 
After UV detection at 214 nm, a flow splitter (type Acurate, LC Packings, Amsterdam, The 
Netherlands) decreased the flow to 0.05 mL/min that was applied on an LCQ Deca XP Max 
(Thermo Finnigan, San Jose, CA, USA) with the use of electrospray ionization and detection 
in the positive ion mode. The capillary spray voltage was 4 kV, and the capillary temperature 
was 200°C. Before use the instrument was tuned with a 0.01 mg/mL bradykinin solution. The 
instrument was controlled by Xcalibur software v1.3 (Thermo Finnigan, San Jose, CA, USA). 
The scan range was set from m/z 400 to 2000. The MS/MS functions were performed in data 
dependent mode. The collision-energy value was 35 %. BioWorks software, version 3.1 
(Thermo Electron, San Jose, CA, USA) was used for automatic sequencing and database 
search for the sequences in a database only containing sequences of glycinin G1 to G5 and 
trypsin and chymotrypsin, as present in the Swiss-Prot database. In the database search the 
possible modifications of the proteins, oxidation of methionine (+15.99 Da) and alkylation of 
cysteine (+57.05 Da), were included. To discriminate between correct and incorrect peptide 
sequence assignment the cross correlation value (Xcorr) for each identified peptide was used 
as a criterion (12, 13). For positive identification of the peptides a Xcorr threshold of 1.5 for 
single charged peptides, 2.0 for double charged peptides and 2.5 for triple charged peptides 
was used.  
 

Quantification of peptides based on the peak area at 214 nm 

The molar extinction coefficient for each of the identified peptides was calculated using 
Formula 1 as described previously (11): 
 

∑
=

−− ε+ε=ε
20

1i
)i(acidomina)i(acidominabondspeptidebondpeptide

11
peptide nxnx)cmM(    [1] 

 
The molar extinction coefficients used for the peptide building blocks (individual amino acid 
contribution and the peptide bond) are presented in Table 1. Since the peak area is used as a 
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measure for the absorbance and the light path is not defined, but similar in all analysis, the 
concentration is not expressed as molarity, but as molar equivalents (Meqv). 
 
Table 1: Molar extinction coefficients (M-1cm-1) of protein and peptide building blocks for calculation 
of the molar extinction coefficient in the peptide chain at 214 nm (11). 
Building block ε (M-1cm-1)  Building block ε (M-1cm-1) 

Peptide bond 923  Leucine 45 
Alanine 32  Lysine 41 
Arginine 102  Methionine 980 
Asparagine 136  Phenylalanine 5,200 
Aspartic acid 58  Proline (at N-terminus) 30  

Cysteine 225  Proline (not at N-terminus) 2,675 

Glutamine 142  Serine 34 
Glutamic acid 78  Threonine 41 
Glycine 21  Tryptophan 29,050 
Histidine 5,125  Tyrosine 5,375 
Isoleucine 45  Valine 43 
 

To enable comparison of all RP-HPLC chromatograms in a quantitative way, the area of the 
peaks from the cation IEX were proportionally corrected for the amount of unbound fraction 
that was not applied onto the cation exchange column. In addition to that, the area of the 
peaks in the unbound fraction of cation IEX was multiplied by 1.9 to correct for the dilution 
step of this fraction. The analysis of the 53 RP-HPLC analysis revealed that, based on the 
peak areas, less than 3 % of all the peptides were present in the unbound fraction after cation 
IEX. 

 

High-performance size-exclusion-chromatography (HP-SEC) 

Glycinin, its DH 2.2 hydrolysate, the aggregating peptide fraction thereof and the tryptic 
hydrolysate of the aggregating peptides were analyzed with size exclusion chromatography. 
Samples were dissolved under denaturing (8 M guanidiniumchloride) and reducing conditions 
(100 mM DTT), and separated with a Shodex Protein KW-803 column (300 x 8 mm; Showa 
Denko K.K., Tokyo, Japan) equilibrated and eluted with 6 M urea containing 30 % (v/v) 
acetonitrile and 0.1 % (v/v) TFA. The flow rate was 0.5 mL/min and the eluate was monitored 
at 214 nm. The final protein concentration was ~3 mg/mL. In order to facilitate comparison of 
the different samples, the total area under the chromatograms was corrected for the proportion 
of peptides that was aggregated. The column was calibrated using proteins with known 
molecular masses as described previously (5). 
 

RESULTS AND DISCUSSION 

Monitoring the hydrolysis 
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To monitor the protein degradation of the sequential hydrolysis of glycinin with 
chymotrypsin, followed by the hydrolysis of the aggregating peptide fraction with trypsin, 
HP-SEC was performed. It can be observed (Figure 2) that at a DH of 2.2 % there is probably 
no more intact protein present. Table 2 shows the molecular mass range of the proteins and 
peptides present in the various analyzed fractions. The chromatogram of the intact glycinin 
polypeptides shows some aggregates and/or β-conglycinin eluting before 7 mL (> 40,000 Da). 
The polypeptides eluting around 7.4 mL (25,000 to 40,000 Da) represent the acidic 
polypeptides A1 to A4, polypeptides eluting around 8.2 mL (15,000 to 25,000 Da) represent 
all the basic polypeptides, and the peak eluting around 9 mL (8,000 to 15,000 Da) represents 
the A5 acidic polypeptide of glycinin (14). The aggregating peptide fraction mainly contains 
peptides with masses in the range of ~5,000 to 25,000 Da (Table 2). These are reduced to 
peptides with masses < 5,000 Da upon tryptic hydrolysis. Prior to tryptic digestion, the 
aggregating peptides were (partly) present as aggregates in the hydrolysis buffer. In Figure 2 
it can be observed that the aggregating peptide fraction was degraded into smaller fragments, 
indicating that the aggregation did not prevent tryptic degradation of the peptides. After the 
repetitive digestion with trypsin there were still some aggregates present in the hydrolysate. 
Nevertheless, HP-SEC of the total tryptic hydrolysate and its supernatant, revealed that > 90 
% of aggregating peptides was soluble after tryptic degradation (results not shown). 
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Figure 2: HP-SEC chromatograms under denaturing conditions of glycinin (——), glycinin 
hydrolysate at DH 2.2 % (— —), the aggregating peptides (• • • •) and the tryptic digest of 
aggregating peptides (——). Samples were denatured and reduced prior to analysis.  
 

Table 2: Molecular mass ranges of glycinin and glycinin-derived peptides.  
Sample Molecular mass range (Da) 
Intact glycinin polypeptides 8,000 - 40,000 
Glycinin hydrolysate at DH = 2.2 % < 25,000 
Aggregating peptides of glycinin at DH = 2.2 % 5,000 - 25,000 
Tryptic digest of aggregating peptides < 5,000 
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Peptide fractionation 

Figure 3 shows the ion exchange chromatograms of the tryptic digest of the aggregating 
peptides. Anion exchange chromatography yielded 25 fractions, which eluted after applying 
the NaCl gradient (%B). The unbound fraction of the anion exchange fractionation (3A) was 
applied on the cation exchange column (3B).  
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Figure 3: Anion exchange chromatogram (A) of tryptic digest and cation exchange chromatogram (B) 
of the unbound fraction from anion exchange chromatography. Grey lines represent the collected 
fractions. The dashed line represents the 2 M NaCl gradient (%B). 
 

The 52 bound fractions and the unbound fraction of cation exchange chromatography and the 
tryptic hydrolysate of the total chymotryptic hydrolysate were all analyzed on RP-HPLC-MS. 
The NaCl gradient in the anion and cation chromatography were chosen in such a way to 
result in fractions that, when separated on RP-HPLC, give a separation more or less identical 
to the RP-HPLC chromatogram shown in Figure 4. All 53 chromatograms from the RP-HPLC 
analysis were integrated. All peaks with a peak area smaller than 0.4 mAU*min were rejected 
since this peak area was too close to the background noise. In total 682 peaks were integrated 
with a combined peak area of 3,861mAU*min. 
 
Identification and quantification of a peptide 

Figure 4 shows a typical example of how the RP-HPLC analysis was combined with MS to 
assign peptide sequences to the peaks in RP-HPLC chromatograms. The RP-HPLC 
chromatogram in Figure 4A shows the separation of the peptides in a particular ion exchange 
chromatography column. The number of peaks observed is average compared to other 
chromatograms. This means that also chromatograms were present with more peaks, but also 
chromatograms with a lower number of peaks. The presented base peak MS spectrum (Figure 
4B) shows a high similarity to the UV214 pattern in the RP-HPLC spectrum, taking into 
account the elution delay between the RP-HPLC and the MS of approximately 0.25 minutes. 
In Figure 4C the mass scan at 41.77 minutes is presented. 
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Figure 4: RP-HPLC-UV graph at 214 nm of an anion exchange fraction (4A), its base-peak MS 
spectrum (4B), and the mass scan at 41.77 minutes (4C). 
 

Based on one example of a RP-HPLC peak, in 5 steps it will be explained how the data that 
belong to this peak are used for the peptide mapping, which is described below.  
Step 1: Peak/Peptide selection: For this particular example peak 10 (as indicted with the 
arrow) in the RP-HPLC chromatogram (Figure 4A) with its maximum at 41.52 minutes is 
taken. This peak corresponds to the top of the peak at 41.77 minutes in the base-peak MS 
spectrum (Figure 4B). Figure 4C shows the full MS scan at 41.77 minutes. It can be seen that 
the spectrum of a peptide with an m/z of 1322.49 is the most dominant one. The MS/MS 
spectra of the minor peak with an m/z of 662.01 (+2) was similar to the MS/MS spectrum of 
the m/z 1322.49 (+1) peak. This confirms that both peaks belong to the same peptide, with a 
difference in charge. The other peaks present in Figure 4C, around an m/z of 1166.39 belong 
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to the peptide that is responsible for peak 9 in Figure 4A, but is still slightly present in peak 
10 due to overlap of both peaks (no further data shown).  
Step 2: Peptide identification: Using BioWorks software and database searching (glycinin 
sequences as presented in Swiss-Prot), the sequence of the peptide in peak 10 was determined 
to be SQSDNFEYVSF, based on the MS/MS data from a double charged ion (m/z = 662.01), 
with an Xcorr of 3.14. As this Xcorr is well above the threshold value of 2.0, the sequence 
was accepted. 
Step 3: Peptide location: Next, it is determined in which subunit of glycinin this sequence is 
present. Glycinin can be present in 5 subunits, Glycinin 1 to 5 (15). For peptide mapping, the 
contribution of one peptide to the peptide map has to be corrected for the molar proportion in 
which the different glycinin subunits, containing the identified peptide, are present. The 5 
subunits can be divided into two subfamilies that are designated as Group-I (Glycinin 1, 2, 
and 3) and Group-II (Glycinin 4, and G5) (16, 17). Homologies between members of the same 
group range from 80 to 90 %, and between the groups the homology is less than 50 % (15). 
The database search towards the protein sequences of glycinin revealed that the sequence 
SQSDNFEYVSF is present in the basic polypeptides of glycinin G1 [f405-415], glycinin G2 
[f396-406], and glycinin G3 [f389-399].  
Step 4: Peptide quantification per glycinin subunit: Based on the amino acid sequence 
determined in step 2, the molar extinction coefficient was calculated using Formula 1 and the 
data presented in Table 1, resulting in a εSQSDNFEYVSF = 25,564 M-1cm-1.  The area of peak 10 
was 7.498 AU*min indicating that the total concentration of the peptide with sequence 
SQSDNFEYVSF is 0.293 mMeqv using Formula 2. 
 

peptide

peak
peptide

A
~)Meqv(c
ε

         [2] 

 
If a peptide was present in more than one subunit, the subunits in which this peptide was 
present were all a member of the same group. To calculate the concentration of one peptide in 
the peptide map of one subunit, its concentration has to be corrected for the molar proportion 
in which the subunits containing the sequenced peptide are present (Fsubunit). Fsubunit can be 
calculated by dividing the molarity of the subunit in which a peptide is present by the sum of 
the molarities of all the subunits in which the peptide occur. In this study, for simplicity 
reasons, due to the high sequence homology within Group I and Group II, it was assumed that 
within each group the subunits were present in similar molar ratios.  
In addition to the correction for the presence of a peptide in more than one subunit, it might 
occur that different peptides constitute one peak in the RP-HPLC chromatogram. This was the 
case in 30 of the 185 peaks. In these cases it was assumed that each peptide contributes to the 
absorbance in an equal amount. The correction was done by dividing the peak area by the 
number of peptides present in one RP-HPLC peak (npeptides in peak). 
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Formula 3 shows the calculation of the relative concentration of a peptide in one subunit, 
which is similar to Formula 2 but now extended with the correction factors Fsubunit and npeptides 

in peak. 
 

subunit
peakinpeptidespeptide

peak
subunit1inpeptide Fx

n
1x

A
~)Meqv(c
ε

     [3] 

 
Since SQSDNFEYVSF was the only peptide responsible for the absorbance of peak 10 and is 
present in 3 glycinin subunits, for Fsubunit and npeptides in peak, 0.333 and 1 are used, respectively. 
This results in a relative concentration of SQSDNFEYVSF in one subunit of 0.098 mMeqv 
(0.293/3). Consequently, in the peptide mapping of an individual subunit, for each amino acid 
in this sequence, a value of 0.098 mMeqv is assigned. 
 
Step 5: Peptide mapping: Figure 5 shows the peptide map for Glycinin 1, only containing the 
relative concentration of SQSDNFEYVSF of 0.098 mMeqv as calculated above. The grey 
regions in the peptide map represent the part of the Glycinin 1 amino acid sequence that can 
be identified with MS. These data were obtained from the RP-HPLC-MS of the tryptic 
hydrolysate of the total chymotryptic hydrolysate, containing the aggregating and non-
aggregating peptides. For Glycinin 1 a coverage of ~90 % was obtained.  
When analyzing a digest of a protein with RP-HPLC-MS, in general not 100 % of the protein 
sequence is covered with the peptides identified (18, 19). Reasons for a coverage lower than 
100 % could be that peptides are too hydrophilic to be separated on RP-HPLC, post 
translational modifications, not all peptides can be ionized, or that the amino acid sequence of 
the glycinin used does not fully match with the amino acid sequence used as present in Swiss-
Prot. 
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Figure 5: Illustration how the calculated relative concentration of SQSDNFEYVSF is used in the 
peptide mapping to identify the region of Glycinin 1 from which this peptide originates. The dotted 
line shows the location in the amino acid sequence where the disulfide bridge connects the acidic and 
the basic polypeptide. The grey regions indicate the coverage of the amino acid sequence that could be 
analyzed with MS. 
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Accumulative-quantitative-peptide-mapping 

Of the 682 peaks present in the 53 chromatograms, all large peaks (185 peaks), responsible 
for 75 % (2,896 mAU*min) of the total peak area of all the integrated chromatograms, were 
selected to identify their constituent peptide sequence bases on MS and MS/MS data. For all 
these 185 RP-HPLC peaks the 5 steps as presented above were followed. 
In total 218 peptides were present in the 185 RP-HPLC peaks. The number of 218 is due to 
the presence of 2 or more peptides responsible for one peak. For 132 of the 218 peptides a 
sequence was positively identified and originated from glycinin. The reasons for not finding 
218 sequences might be diverse. One reason could be the coverage of the total amino acid 
sequence of the protein, which was 90 % for Glycinin 1, but equal or lower values were 
obtained for the other glycinin subunits (90, 87, 68 and 55 % for Glycinin 2, 3, 4 and 5, 
respectively). If the sequence of a peptide is part of the protein sequence that does not 
correspond for 100 % with the sequence used in the database, the peptide will not be 
positively identified. Another reason for not identifying all peptide sequences might be that 
peptides originate from sources other than glycinin. They might originate from the enzymes 
(trypsin and chymotrypsin) or from β-conglycinin, which was present in low concentration in 
the glycinin preparation (5).  
The 132 peptides contained 79 different unique glycinin peptide sequences. Due to the 
aspecific fractionation in the ion exchange chromatography experiment, peptides having the 
same sequence were present in more than one fraction. In addition to this, also methionine can 
be oxidized, which resulted in an additional peak for the oxidized peptide in the RP-HPLC 
chromatograms. The 79 peptides with a known sequence, represent a peak area of 2,025 
mAU*min. This means that 70 % of the 75 % RP-HPLC peak area is positively linked to a 
part of the glycinin peptides, indicating that 53 % of the total peak area is assigned to peptide 
sequences. This value can be increased by determining more than 75 % of the peak area. 
However, this will not change the general picture of the regions in the protein from which the 
functional peptides originate. We have found that when the total peak area studied is extended 
from 66 to 75 % the additionally identified peptide sequences mainly originated from those 
regions of the parental protein that already showed a significant quantitative accumulation 
when only 66 % of the total peak area was analyzed (no further data shown). 
An overview of the results of the interpretation of the 53 RP-HPLC chromatograms is given 
in Table 3. 
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Table 3: Overview of different parameters related to the interpretation of the 53 RP-HPLC 
chromatograms for the total peak area and the total analyzed peak area. 
 Parameter Value 

Total number of RP-HPLC Chromatograms 53  
Total number of peaks in 53 RP-HPLC Chromatograms 682  

To
ta

l p
ea

k 
ar

ea
 

Peak area  (mAU*min) 3,861  

Peak area (mAU*min) 2,896  
Number of peaks  185  
Number of peptides  218  
Number of positively identified peptide sequences  132  
Peak area of the 132 identified peptide peaks (mAU*min) 2,025  

To
ta

l a
na

ly
ze

d 
 

pe
ak

 a
re

a 

Number of unique peptides  79  
 
Figure 6 shows the quantitative peptide map of functional regions of Glycinin 1. In this figure 
all the peptides from the 79 unique peptide sequences that are present in Glycinin 1 are 
accumulatively mapped. The accumulative peptide map gives an overview of those regions of 
Glycinin 1 that are likely to be present in the aggregating region. Mainly peptides from the 
basic polypeptide (B2) seem to be present in the aggregating regions and a part of the acidic 
polypeptide (A1A), around the amino acid 80.  
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Figure 6: Quantitative peptide map of functional regions of glycinin 1 from which the aggregating 
peptides originate. The dotted line shows the location in the amino acid sequence where the disulfide 
bridge connects the acidic and the basic polypeptide. The grey regions indicate the coverage of the 
amino acid sequence that could be analyzed with MS. 
 
It can be concluded that the method described in this paper for quantitative peptide mapping 
using RP-HPLC-MS, is sufficiently discriminating to identify which regions in a protein are 
predominantly responsible for the functional peptides derived from these proteins. This 
method is useful for protein hydrolysates, where functional peptides can be separated from 
peptides not contributing to the functionality of interest. It can e.g. also be applied to proteins 
that show resistance towards enzymatic degradation (20). This is of interest to allergy 
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research as well as in other digestion studies, in particular when proteins interact with other 
components, which hinder the digestion of proteins (21, 22). 
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CHAPTER 7 

 
 
Identification of strong aggregating regions in soy glycinin 

upon enzymatic hydrolysis 
 
ABSTRACT 

Upon hydrolysis with chymotrypsin, soy glycinin has a strong tendency to aggregate. The 
regions of glycinin from which the aggregating peptides originate were identified by 
accumulative-quantitative-peptide-mapping. To this end, the aggregating peptides were 
further hydrolyzed with trypsin to obtain peptides of which the sequence can be identified 
using RP-HPLC-MS/MS. This resulted in a hydrolysate in which 90 % of the proteinaceous 
material was dissolved. The soluble fraction was analyzed using the method of accumulative-
quantitative-peptide-mapping: Fractionation using ion exchange chromatography, followed by 
identification of peptides by RP-HPLC-MS/MS, quantification based on the absorbance at 
214 nm, and finally peptide mapping. For the peptide mapping the proportions in which each 
of the 5 glycinin subunits are present, as determined by Edman degradation, were taken into 
account. The results showed that mainly the basic polypeptide and a part of the acidic 
polypeptide, close to the location of the disulfide bridge between the basic and acidic 
polypeptide, are present in the aggregating peptide fraction. Based on the results obtained an 
aggregation mechanism was proposed. The hydrophilic acidic polypeptides shield the 
hydrophobic basic polypeptides and the former are preferentially degraded upon hydrolysis. 
This results in a net increase in hydrophobicity of the remaining material, which mainly 
consists of the basic polypeptide fragments. This increase in hydrophobicity is proposed to be 
the driving force in the aggregation of chymotrypsin derived peptides of glycinin. 
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INTRODUCTION 

Various proteases derived from micro-organisms, plants and animals are reported to have the 
ability to induce aggregation of soy proteins. This aggregation of soy proteins might be a 
good approach to improve the texture of soy protein foods such as soy protein based analogs 
of dairy products (1, 2). 
Three microbial serine proteases have been studied in more detail with respect to their ability 
to induce soy protein aggregation. These proteases are subtilisin Carlsberg from Bacillus 
Licheniformis (3-5) and proteases that originate from Bacillus sp. K-295G-7 (6-8), and 
Bacillus pumilus TYO-67 (9, 10). The plant proteases bromelain (11, 12) and papain (13) and 
the animal-derived protease chymotrypsin (14) were also shown to induce aggregation of soy 
proteins. Also several industrial available protease preparations have the ability to induce soy 
protein aggregation (15, 16).  
Various studies have been performed to understand the aggregation behavior of hydrolyzed 
soy proteins. Mechanistic studies to understand enzyme-induced aggregation of hydrolyzed 
soy proteins comprised rheological (16) and turbidity (3, 4, 17) measurements. Forces 
involved in the aggregation were shown to be mainly hydrophobic interactions, whereas the 
presence of disulfide bridges seemed to play a minor role (12, 13). 
In the aggregation of soy protein isolate (SPI), it was shown that especially peptides derived 
from glycinin are the driving force for the aggregation upon hydrolysis with bacterial, plant, 
and animal-derived proteases (12, 14). It was concluded (14) that the ability of several 
proteases to induce aggregation of soy glycinin indicates that not the enzyme specificity is of 
major importance to induce aggregation, but the ability of the substrate, glycinin, to yield 
strong aggregating peptides. This is in contrast to enzyme-induced aggregation of whey 
proteins in which the specificity of the protease is of major importance (18, 19).  
Due to the complex composition of glycinin, understanding the aggregation behavior of soy 
glycinin hydrolysates is rather difficult. In total 6 different glycinin genes have been identified 
from soybeans. These are Gy1 to Gy5 and Gy7, representing the glycinin subunits G1 to G5 
and G7, respectively. Gy7 has been recently (20) identified and is related to the other five 
soybean subunits. Since Gy 7 is poorly expressed it is not further taken into account in this 
study. With the exception of G4, each glycinin subunit consists of one acidic (A) and one 
basic (B) polypeptide, which are connected with via a disulfide bridge. For the 5 major 
glycinin subunits six different acidic polypeptides (A1a, A2, A1b, A5, A4 and A3) and 5 
basic (B2, B1a, B1b, B3 and B4) polypeptides have been identified (21). The A4 polypeptide 
of G4 is the only acidic polypeptide that is not covalently linked to a basic polypeptide. Based 
on their amino acid sequence as present in the Swiss-Prot database (www.expasy.org), the 
molecular masses of the basic polypeptide can be calculated to be around 20 kDa, while those 
of the acidic polypeptides vary between 10.5 and 36.4 kDa. The 5 subunits can be divided 
into two subfamilies that are designated as Group-I (G1, G2, and G3) and Group-II (G4 and 
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G5) (22, 23). Homologies between members of the same group range from 80 to 90 %, while 
between the groups the homology is less than 50 % (21). At pH 7.6 and I = 0.03 M, glycinin 
can be present as a trimer and as a hexamer (24) having molecular masses of 150-180 and 
300-360 kDa, respectively. 
The aim of the present study is to understand the aggregation behavior of soy glycinin-derived 
peptides using the recently described method of accumulative-quantitative-peptide-mapping 
(25). This method identifies those regions in proteins from which peptides originate with 
specific functional properties. The method is applicable in systems in which the peptides of 
interest are too large to be identified directly with mass spectrometry and comprise a wide 
range of peptides with overlapping sequences that can not be isolated individually. 
 

MATERIALS AND METHODS 

Materials and chemicals 

Soy glycinin was prepared from defatted soybean meal, prepared from Hyland soybeans (non-
GMO) supplied by Fa. L.I. Frank (Twello, The Netherlands) as described previously (4). 
Chymotrypsin (TLCK treated) and was obtained from Sigma Chemical Co. (St. Louis, MO, 
USA; C-3142). Eluents used for RP-HPLC-MS were all of HPLC grade. All other chemicals 
were of analytical grade and were purchased from Merck (Darmstadt, Germany) or Sigma. 
 
Analysis of the protein content 

The nitrogen content of various samples was determined in duplicate by the Dumas method 
using an NA2100 Nitrogen and Protein Analyzer (CE INSTRUMENTS, Milano, Italy) 
according to the manufacturer’s instructions. Methionine was used as a standard. The nitrogen 
conversion factor for purified glycinin is 5.57, based on the amino acid compositions of the 5 
subunits as calculated from the Swiss-Prot database (www.expasy.org; Primary accession 
numbers used were: P04776 (Glycinin 1; A1a and B2 polypeptides), P04405 (Glycinin 2; A2 
and B1a polypeptides), P11828 (Glycinin 3; A1b and B1b polypeptides), P02858 (Glycinin 4: 
A5, A4 and B3 polypeptides), and P04347 (Glycinin 5; A3 and B4 polypeptides)). 
 

Determination of the proportions of different glycinin subunits 

Glycinin was dissolved in 700 µL 8 M guanidiniumchloride, 50 mM Tris-HCl buffer (pH 8.0) 
containing 15 mM DTT. The protein was reduced for 30 minutes at 60°C. Iodoacetamide 
(IAA) was added up to 50 mM and the mixture was incubated in the dark for 30 minutes to 
alkylate the peptides. Every 10 minutes the pH was checked and, if necessary, adjusted to 8.0 
using 1 M NaOH. The alkylated glycinin was applied onto a Shodex Protein KW-803 size 
exclusion chromatography column (300 x 8 mm; Showa Denko K.K., Tokyo, Japan) 
equilibrated and run with 30 % (v/v) aqueous acetonitrile containing 0.1 % (v/v) 
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trifluoroacetic acid (TFA). The flow rate was 0.5 mL/min and the absorbance of the eluate 
was monitored at 214 nm (4). Fractions of 0.2 mL were collected. To separate the glycinin 
from salts and other proteinaceous impurities, fractions containing glycinin were pooled and 
freeze dried. 
The proportion of the various subunits of glycinin in the freeze-dried sample was estimated 
from the Initial Yields of the sequences of the individual acidic (and basic) polypeptides as 
reported in Swiss-Prot. These Initial Yields were obtained by performing a 6 cycle N-terminal 
sequence analysis on a 23 µg sample of glycinin loaded onto a pre-washed and Biobrene 
coated glass filter. N-terminal sequence analysis was performed by Edman degradation (26, 
27) with a Procise 494 (Applied Biosystems, Foster City, CA, U.S.A) automated sequencing 
system (28), equipped  with a 140 C Microgradient System and a 758A Absorbance detector, 
and using protocols, reagents, chemicals and materials from Applied Biosystems (Foster City, 
CA, USA). The proportion (mole %) of the various subunits was calculated based on the 
known N-termini of the all polypeptides in glycinin. The 6 acidic polypeptides all have a 
unique N-terminus, whereas the basic polypeptides within each Group (Group I: G1, G2, and 
G3; Group II, G4 and G5) are identical in this respect. The results of 3 N-terminal sequence 
analysis cycles were essentially sufficient to calculate the ratio. Nevertheless, 6 cycles were 
used in the calculation to verify the correctness of the ratio found after the first 3 cycles. 
 
Accumulative-quantitative-peptide-mapping 

To identify those regions in glycinin from which aggregating peptides originate the method of 
accumulative-quantitative-peptide-mapping was used as previously described in detail (25). 
The method is schematically summarized in Figure 1 and will be briefly described here.  
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Figure 1: Schematic overview of accumulative-quantitative-peptide-mapping to identify regions in 
glycinin from which the aggregating peptides originate (25). 
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A 1 % (w/w) solution of heated glycinin was hydrolyzed with chymotrypsin up to a DH of 2.2 
% using the pH-stat method at pH 8.0 and 40°C. When the desired DH was reached, the 
enzymatic hydrolysis was stopped by addition of phenylmethylsulphonyl fluoride (PMSF). 
Water and NaCl were added to the hydrolysate to result in a final protein concentration of 0.8 
% (w/w) and an ionic strength of 0.03 M, as described previously (5). After centrifugation (5 
min, 5,000 x g, 20°C), analysis of the protein concentration (Dumas method) in the 
supernatant showed that ~43 % of the proteinaceous material was aggregated. The pellet was 
washed three times by re-suspending it in Millipore water containing 0.03 M NaCl. After 
washing, the pH of the pellet was decreased to ~2.5 using TFA to resolubilize the peptides, 
followed by freeze-drying. These freeze-dried peptides were further denoted aggregating 
peptides. 
The aggregating peptides were dissolved in 20 mM Tris-HCl buffer (pH 8.0) containing 8 M 
urea and subsequently reduced and alkylated. After dilution to 1.6 M urea, the aggregating 
peptides were further hydrolyzed using trypsin at 37°C. This tryptic digestion was performed 
in three cycles. 
The hydrolyzed sample was centrifuged (15 min, 24,000 x g, 20°C). The pellet was re-
suspended in 20 mM Tris-HCl buffer (pH 8.0) containing 8M urea. The solution obtained was 
diluted to 1.6 M urea by the addition of 20 mM Tris-HCl buffer (pH 8.0). Trypsin was added 
to the re-solubilized pellet and incubated at 37°C again. After incubation, the sample was 
treated in the same way as described above, by re-suspending the pellet in 20 mM Tris-HCl 
buffer (pH 8.0) containing 8 M urea, dilution to 1.6 M urea with 20 mM Tris-HCl buffer (pH 
8.0) and subsequent incubation with trypsin followed by centrifugation. The supernatants of 
the three tryptic digestion cycles were mixed prior to fractionation using ion exchange 
chromatography. 
 
The combined supernatants of the tryptic digests was applied onto a 1 mL Mono Q 5/50GL 
anion exchange column (Amersham Biosciences, Uppsala, Sweden) equilibrated with a 20 
mM Tris-HCl buffer (pH 8.0). Fractions of 1 mL were collected. The unbound fractions were 
decreased in pH to pH 3.5 using formic acid and applied onto a 1 mL Mono S 5/50GL cation 
exchanger (Amersham Biosciences, Uppsala, Sweden) equilibrated with a 20 mM formic acid 
buffer (pH 3.5). Fractions of 1 mL were collected. Elution of the bound proteins on the anion 
and cation exchanger was performed using their corresponding equilibration buffers 
containing 2 M NaCl. The eluate was monitored at 214 nm. The unbound fraction of cation 
exchange chromatography was concentrated by freeze drying. 
All bound fractions collected from anion (25 fractions), and cation (27 fractions) exchange, 
and the unbound fraction of the cation exchange were analyzed quantitatively using RP-
HPLC-MS using a C18 column (218MS52; 250 x 2.1 mm 5µm) (Grace Vydac, Hesperia, CA, 
USA), installed on a Spectra System HPLC (Thermo Separation Products, Fremont, CA, 
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USA). A flow rate of 0.2 mL/min was used. The solvents used were Millipore water 
containing 0.1 % (v/v) formic acid (Solvent A) and acetonitrile containing 0.085 % (v/v) 
formic acid (Solvent B). All operations and data processing were controlled by Chromeleon 
version 6.7 software (Dionex Corporation, Sunnyvale, USA). The eluate was applied onto an 
LCQ Deca XP Max (Thermo Finnigan, San Jose, CA, USA) with the use of electrospray 
ionization and detection in the positive ion mode. The capillary spray voltage was 4 kV, and 
the capillary temperature was 200°C. The instrument was controlled by Xcalibur software 
v1.3 (Thermo Finnigan, San Jose, CA, USA). The MS/MS functions were performed in data 
dependent mode. BioWorks software, version 3.1 (Thermo Electron, San Jose, CA, USA) was 
used for automatic sequencing and database search for the sequences in a database only 
containing sequences of glycinin G1 to G5 and trypsin and chymotrypsin. To discriminate 
between correct and incorrect peptide sequence assignment the cross correlation value (Xcorr) 
for each identified peptide was used as a criterion (29, 30). For positive identification of the 
peptides a Xcorr threshold of 1.5 for single charged peptides, 2.0 for double, and 2.5 for triple 
charged peptides was used. 
 
Of the 682 peaks present in the 53 chromatograms, all the largest peaks (185 peaks), 
responsible for 75 % (2,896 mAU*min) of the total peak area of all 53 integrated 
chromatograms, were selected to identify their constituent peptide sequences based on MS 
and MS/MS data. In total, 218 peptides were present in the 185 RP-HPLC peaks. From these 
218 peptides the sequences were positively identified of 132 peptides that originate from 
glycinin. The 132 peptides contained 79 different unique peptide sequences. The 79 peptides 
with a known sequence represent an area of 2,025 mAU*min, which means that 70 % of the 
75 % RP-HPLC area is positively linked to a part of the glycinin sequence. 
Quantitative analysis of the peptide concentration was performed using Formula 1:  
 

subunit
peakinpeptidespeptide

peak
subunit1inpeptide Fx

n
1x

A
~)Meqv(c
ε

     [1] 

 
In Formula 1 the RP-HPLC peak area (Apeak) of each peak was divided by the theoretically 
calculated molar extinction coefficient (εpeptide) (31), corrected for the total number of 
different peptides present in the RP-HPLC peak (npeptides in peak), and multiplied by the molar 
proportion (Fsubunit) in which the subunits, containing the sequenced peptide, are present (25). 
In total 79 sequences were identified that were used for accumulative-quantitative-peptide 
mapping using all 5 glycinin subunits. 
All 79 peptides identified, together with their relative concentrations were used to build the 
quantitative peptide map as a projection on the amino acid sequence of each individual 
glycinin subunit (G1 to G5).  
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The maximum sequence coverage that can be obtained was analyzed using a tryptic digestion 
of the total hydrolysate after chymotryptic hydrolysis of heated glycinin. This hydrolysate 
contains the aggregating, as well as the non-aggregating peptides, and was analyzed by RP-
HPLC-MS in a similar way as the 53 fractions described above. For all glycinin subunits a 
total coverage was obtained of 90, 90, 87, 68 and 55 % for G1, G2, G3, G4, and G5, 
respectively. 
In addition to the peptides present in the supernatant, the final pellet after tryptic digestion 
was dissolved in 5 % (v/v) acetonitrile in Millipore water, containing 0.1 % (v/v) formic acid 
and also analyzed on RP-HPLC-MS similar to all other analyzed samples. 
 

High-performance size-exclusion chromatography (HP-SEC) 

Aliquots (100 μL) of the 1 % (w/w) glycinin solution used for the chymotryptic hydrolysis 
were taken before and after the heat treatment (30 min, 95°C) and mixed with 900 µL 10 mM 
sodium phosphate buffer (pH 8.0). 
After 1 h of stirring at ambient temperature the samples were applied onto a Superdex 200 HR 
10/30 column (300 x 10 mm, Amersham Biosciences, Uppsala, Sweden). The column was 
equilibrated with 10 mM sodium phosphate buffer (pH 8.0). The flow rate was 0.5 mL/min 
and the absorbance of the eluate was monitored at 214 nm. The void volume of the column 
was approximately 7.8 mL as determined by injection of blue dextran. The column was 
calibrated using various proteins in a molecular mass range of 43 to 669 kDa (ovalbumin, 
catalase, ferritin and thyroglobulin). 
In addition to the above described HP-SEC analysis, glycinin, its DH 2.2 % hydrolysate, the 
aggregating peptide fraction, the total tryptic hydrolysate and its supernatant and pellet were 
all analyzed using size exclusion chromatography under denaturing conditions (5). To allow 
quantitative comparison of the chromatograms obtained, the pellet after tryptic digestion was 
resuspended in the same volume as present prior to the centrifugation. Samples were 
dissolved under denaturing (8 M Guanidiniumchloride) and reducing conditions (100 mM 
DTT), and run on a  Shodex Protein KW-803 column (300 x 8 mm; Showa Denko K.K., 
Tokyo, Japan) equilibrated and run with 6 M urea containing 30 % (v/v) acetonitrile and 0.1 
% (v/v) TFA. The aggregating peptide fraction was also applied on the Shodex KW-803 
column in a reduced form. The flow rate was 0.5 mL/min and the absorbance of the eluate 
was monitored at 214 nm. The column was calibrated using proteins with known molecular 
masses as described previously (5). 
 

RESULTS AND DISCUSSION 

Influence of heat treatment on the quaternary structure of glycinin 

To study the influence of the heat treatment (prior to hydrolysis) on the quaternary structure 
of glycinin, HP-SEC was performed of glycinin before and after heating. Figure 2 shows the 
molecular size distribution patterns of glycinin before and after heating. In the non-heated 
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glycinin, 4 different fractions can be observed (A to D). Based on the calibration of the 
column, fractions B and C most likely represent the glycinin hexamer (300-360 kDa) and 
trimer (150-180 kDa), respectively. These hexamers and trimers are known to be present next 
to each other at neutral pH and low ionic strength (24). Fraction A has a higher apparent 
molecular mass than the hexamer and is probably a polymer of glycinin, also denoted as 15S 
(32). Fraction D probably represents free glycinin subunits (50-62 kDa) or even acidic and 
basic polypeptides (10-36 kDa). 

 
Figure 2: HP-SEC chromatograms of non-heated glycinin (-----) and heated glycinin (——) in 10 
mM sodium phosphate buffer (pH 8.0). The letters A, B, C, and D represent 4 fractions of the non-
heated glycinin representing the 15S, 11S, 7S, and dissociation products, respectively. 
 
Upon heating it can be observed that on the one hand the hexamers and trimers form 
aggregates (peak around 8.2 mL) and on the other hand dissociate. The dissociated fraction 
contains proteins with sizes similar, but mainly smaller that the glycinin trimer. These 
hexamers and trimers are probably dissociated into trimers, dimmers, monomers and probably 
also individual polypeptides that are dissociated by the reduction of the disulfide bridge. 
When comparing the peak areas of the chromatograms before and after heating, it can be 
approximated that ~ 50 % of all the proteinaceous material is present in the aggregates, while 
the other ~ 50 % is present as dissociation products. Since the heated glycinin has a clear 
appearance, the formed aggregates can be denoted as soluble aggregates. The observations are 
in agreement with the work of Mori and co-workers (33) and Yamauchi and co-workers (34) 
who described the formation of soluble aggregates upon heating of glycinin (pH 7.6, I = 0.5 
M), as well as a dissociation of the individual subunits in their constituent polypeptides. 
However, the insolubilization of the basic polypeptides, as described by Mori and co-workers 
(33), was not observed, which might be due to the low ionic strength (proteins were dissolved 
only in Millipore water) during heating in the present study.  
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Effect of disulfide bridges on the size of aggregating peptides 

Due to the heat-induced aggregation (Figure 2) prior to hydrolysis, it might be that new 
intermolecular disulfide bridges are formed (35) that can be of influence on the observed 
aggregation of peptides. Figure 3A shows the size distribution obtained by HP-SEC under 
denaturing conditions of the reduced glycinin and reduced and non-reduced aggregating 
peptide fraction. When comparing the reduced hydrolyzed sample with the non-reduced 
hydrolyzed sample it can be seen that there is a slight shift to larger sizes from the non-
reduced sample. This indicates that in the aggregating peptides disulfide bridges are present 
that slightly increase the size of the fragments. Nevertheless, this shift is not large, indicating 
that no large number of intermolecular disulfide bridges are formed upon heating.  
 

 
Figure 3: HP-SEC chromatograms under denaturing conditions (6M urea, 30 % (v/v) acetonitrile, 0.1 
% (v/v) TFA). Figure 3A shows the intact reduced glycinin (——), and its reduced (— —), and non-
reduced (• • • •) aggregating peptides. Figure 3B shows the aggregating peptides (— —), and its 
corresponding total tryptic hydrolysate of aggregating peptides (— • —), its supernatant (• • •  •) and 
pellet (— —).  
 

Monitoring the tryptic hydrolysis 

Since the aggregating peptides are too large to be identified directly with MS, these peptides 
were further degraded with trypsin prior to analysis. To monitor the hydrolysis of the isolated 
aggregating peptides with trypsin, HP-SEC under denaturing conditions was performed for 
the aggregating peptides and the total tryptic hydrolysate as well as its supernatant and pellet. 
It can be observed in Figure 3B that the aggregating peptide fraction mainly contains peptides 
with apparent molecular masses in the range of ~5,000 to 25,000 Da. Upon tryptic hydrolysis 
the aggregating peptides are reduced to peptides with apparent molecular masses below 5,000 
Da. After the repeated hydrolysis with trypsin, there were still some aggregates present in the 
hydrolysate. These aggregates could be dissolved and analyzed by HP-SEC under denaturing 
conditions. The molecular masses of these peptides range between 3,000 and 5,000 Da. The 
peak area of the pellet represents ~10 % of the peak area of the total tryptic hydrolysate. It is 
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assumed that this 10 % of the peak area also represents 10 % of the proteinaceous material. 
This means that 90 % of the proteinaceous material of the aggregating peptides was present in 
the supernatant that was further fractionated with ion exchange chromatography and analyzed 
with RP-HPLC-MS followed by quantification and peptide mapping. 
 
Relative proportions of the 5 glycinin subunits 

In accumulative-quantitative-peptide-mapping it may occur that a peptide that is identified is 
present in more than one subunit of the parental protein (25). In order to present a correct 
peptide mapping, the distribution of the quantity of such a peptide over the different subunits 
in which the peptide is present should be according to the molar proportions in which these 
subunits are present in the total parental protein. In order to be able to apply this correction, 
the molar ratios between all 5 glycinin subunits was determined using N-terminal sequence 
analysis of the glycinin polypeptides. 
Table 2 shows the absolute concentration measured (pmol) and the relative proportion (mole 
%) of the individual polypeptides based on the sequence yield of the various amino acids. 
These values are determined using the known N-terminal sequences of all acidic and basic 
polypeptides as present in the Swiss-Prot database. While the N-termini of the various acidic 
polypeptides differ from each other, the basic polypeptides of G1, G2, and G3 have the same 
N-terminus, which also counts for the N-termini of G4 and G5. Therefore, 8 different N-
terminal sequences should in principle be distinguishable during the Edman degradation 
(results not shown). It can, however be seen that not all amino acid residues are unique for 
one acidic polypeptide (i.e. one glycinin subunit). The Phe-signal in the first Edman cycle, for 
example, is a combination of the contributions of A1a and A1b. Similar to that, the Ile-signal 
in the first cycle is due to both A5 and A3. On the other hand, the Leu-signal and the Arg-
signal in the first cycle are unique and thus give a direct indication of the relative 
contributions of subunits G2(A2) and G4(A5), respectively. In a similar way the data in the 
other Edman cycles can be used to estimate the relative contributions of the different subunits. 
In addition, these cycles are used to verify the validity of these estimations. The signals 
belonging to the basic polypeptides are used as a final verification.  The sum of the 
contributions of the acidic polypeptides of G1, G2, and G3 (72 %), and the sum of the 
contributions of G4 and G5 (27/28 %), are equal to the relative contributions of the basic 
polypeptides of G1-3 (73 %) and G 4-5 (27 %), respectively. 
Based on the proportions of acidic polypeptides it can be observed that G1 and G2 are the 
most dominant subunits present in glycinin. The subunit G3 is present in a rather low 
proportion. G4 and G5 are present in a 1 to 1 ratio. The relative proportions (mole %) as 
shown in Table 2 are used to calculate Fsubunit (Formula 1) for each peptide that was identified 
to be present in more than one subunit. 
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Table 2: Initial yield (absolute amount (pmol)) and the relative proportion (mole %) of individual 
polypeptides in glycinin, as determined by N-terminal sequencing. 

Polypeptide N-terminus Initial Yield 
(pmol) 

Relative Prop. 
(mole %) 

Acidic polypeptides (100 %)    
G1 (A1a) Phe-Ser-Ser-Arg-Glu-Gln 30 36 
G2 (A2) Leu-Arg-Gly-Gln-Ala-Gln 25 30 
G3 (A1b) Phe-Arg-Glu-Gln-Pro-Gln 5 6 
G4 (A5) Ile-Ser-Ser-Ser-Lys-Leu 11 13 
G4 (A4) Arg-Arg-Gly-Ser-Arg-Ser 12 14 
G5 (A3) Ile-Thr-Ser-Ser-Lys-Phe 12 14 

Basic polypeptides (100 %)    
G1 - G3 (B2, B1a, B1b) Gly-Ile-Asp-Glu-Thr-Ile 55 73 
G4 - 5 (B3, B4) Gly-Val-Glu-Gly-Asn-Ile 20 27 
 
Peptide mapping for all glycinin subunits 

Peptide mapping for the 5 glycinin subunits is performed on the basis of the results obtained 
from the 90 % soluble proteinaceous material after tryptic digestion of the aggregating 
peptides. Figures 4 and 5 show the accumulative peptide maps for Glycinin 1 to 3 and 
Glycinin 4 and 5, respectively. The accumulative peptide map gives an overview of those 
regions in each subunit that most likely yield aggregating peptides. The higher the bar at a 
specific region in the sequence, the stronger the contribution of the amino acid sequence of 
this region to the aggregating properties of the peptides derived from the corresponding 
subunit. 
On top of each graph it is indicated which part of the sequence represents which polypeptide. 
The dotted lines between the different polypeptides represent the disulfide bridge that 
connects the acidic and basic polypeptide. The grey regions represent the coverage of the 
amino acid sequence that could be identified with MS. These coverage data were obtained 
using RP-HPLC-MS of the tryptic hydrolysate of the total chymotryptic hydrolysate, 
containing both the aggregating and the non-aggregating peptides as described previously 
(25).  
Glycinin 1 and 2 show (Figure 4) the highest quantitative response in the peptide maps 
compared to Glycinin 3, 4, and 5. When the acidic and basic polypeptides are compared, it 
can be seen that a relative high proportion of the basic polypeptide is identified to be present 
in the aggregating peptides. In addition, the concentration determined (height of the bars) is 
higher for the basic polypeptides than for the acidic polypeptide. For the acidic polypeptide of 
Glycinin 1 it seems that the highest proportion of positively identified peptides can be 
observed around the location of the disulfide bridge. This is less apparent for Glycinin 2.  
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Figure 4: Accumulative quantitative peptide maps of Glycinin 1, 2, and 3 from which the aggregating 
peptides originate. The dotted line shows the location in the amino acid sequence at which the 
disulfide bridge connects the acidic and the basic polypeptide. The grey regions indicate the coverage 
of the amino acid sequence that could be analyzed with MS. 
 
For Glycinin 3 the response is much lower compared to the responses of Glycinin 1 and 2. 
This is probably due to the much lower proportion of Glycinin 3 in the glycinin preparation 
(Table 2). Nevertheless, for Glycinin 3 as well it can be observed that the response and 
coverage in the basic polypeptide are higher than those of the acidic polypeptide. 
For both Glycinin 4 and 5 a lower coverage of the amino acid sequence is obtained (grey 
regions), which may contribute to their lower overall responses. Figure 5 shows that also for 
Glycinin 4 the response for the basic polypeptide is higher than in the acidic polypeptide. 
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Also the acidic polypeptide gives the highest response around the disulfide bridge. No 
peptides were detected from the A4 polypeptide of Glycinin 4. For Glycinin 5 a low response 
for the basic polypeptide could be expected, due to its very low overall sequence coverage 
from the MS data. As a consequence, Glycinin 5 shows the highest response in the acidic 
polypeptide around the disulfide bridge. 
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Figure 5: Accumulative quantitative peptide maps of regions of Glycinin 4 and 5 from which the 
aggregating peptides originate. The dotted line shows the location in the amino acid sequence at which 
the disulfide bridge connects the acidic and the basic polypeptide. The grey regions indicate the 
coverage of the amino acid sequence that could be analyzed with MS. 
 
Overall it can be observed that next to the basic polypeptide, the region of the acidic 
polypeptide, which contains the disulfide bridge connecting the acidic with the basic 
polypeptide is dominantly present in the aggregating peptides in all 5 glycinin subunits. It is 
shown that the presence of disulfide bridges slightly increases the size of the aggregating 
peptides (Figure 3A). Therefore, it is likely that this disulfide bridge is still present in the 
aggregating peptides between the peptides originating from the basic and acidic polypeptide. 
As a result, this may facilitate the (co-)precipitation of peptides of the acidic polypeptide that 
are covalently connected to the aggregating peptide of the basic polypeptide. However, the 
disulfide bridge between the acidic and basic polypeptide is located in a hydrophobic region 
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of the acidic polypeptide. If this disulfide bridge would be reduced upon heating (Figure 2) it 
seems likely that peptides originating from this region of the acidic polypeptide have the 
ability to aggregate when not covalently connected to the basic polypeptide. 
It can be concluded that most aggregating peptides originate from the basic polypeptides. 
Since the molecular masses of the aggregating peptides are between 5,000 and 25,000 Da, and 
the basic polypeptides are not intact anymore, it can be concluded that the basic polypeptide is 
only slightly degraded, and thus seems to show a rather high resistance towards enzymatic 
hydrolysis. This is in agreement with previous observations that the basic polypeptides are 
degraded more slowly than the acidic polypeptide, when hydrolyzed with bromelain (12) and 
is not degraded at all upon hydrolysis with a serine protease of Bacillus pumilus (9). 

 

Aggregating peptides in the pellet after tryptic digestion 

After repetitive tryptic digestion, peptides with a strong tendency to aggregate were still 
present, yielding a precipitate. They comprise ~10 % of the total amount of aggregating 
peptides. These peptides were analyzed with RP-HPLC-MS (chromatogram not shown) to 
identify their amino acid sequences followed by determination of their locations in the 
sequence of the various glycinin subunits. Since 10 % of the peptides was present in the pellet 
after tryptic digestion, the total peak area of the integrated peaks was adjusted to result in a 
peak area ratio of 9 : 1 between the RP-HPLC chromatograms of the soluble and insoluble 
peptide fractions after tryptic digestion. This correction enables a quantitative comparison 
with the peptide maps in Figures 4 and 5. The 8 largest peaks, responsible for 75 % of the 
total peak area in the pellet fraction, were studied. From 6 out of these 8 peaks the amino acid 
sequences of the constituting peptides could be positively identified. These peptides can be 
observed in Table 3 together with their corresponding hydrophobicity. One of the 6 peptides 
is present in 2 glycinin subunits (Glycinin 1 and 3). These 6 peaks account for 91 % of the 
total peak area of the 8 largest peaks and are mapped quantitatively in Figure 6. The location 
of the polypeptides and the disulfide bridges are shown for all 5 glycinin subunits. 
 
Table 3: Peptides identified in the final pellet obtained after repetitive tryptic digestion, their 
calculated hydrophobicities, and their location in the different subunits. 
Subunit Sequence Hydrophobicity a Location 
Glycinin 1 NAMFVPHYNLNANSIIYALNGR 0.171 B2 f[348-369] 

Glycinin 2 RPSYTNGPQEIYIQQGNGIFGMIFPGCPSTY 0.198 A2 f[60-90] 
 NAMFVPHYTLNANSIIYALNGR 0.204 B1a f[339-359] 

Glycinin 3 NAMFVPHYNLNANSIIYALNGR 0.171 B1b f[332-353] 

Glycinin 4 NGIYSPHWNLNANSVIY 0.210 B4 f[411-427] 
 NGIYSPHWNLNANSVIYVTR 0.104 B4 f[411-430] 

Glycinin 5 NGSHLPSYLPYPQMIIVVQGK 0.227 A3 f[55-75] 
a Calculated according to Eisenberg (36) 
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Figure 6: Accumulative quantitative peptide map of peptides in the pellet fraction after repetitive 
tryptic digestion of the aggregating peptides originating from G1 (— —), G2 (• • • •), G3 (——), G4 
(— • • —), and G5(——).The dotted line shows the location in the amino acid sequence at which the 
disulfide bridge connects the acidic and the basic polypeptide. 
 
It can be seen that 4 of the 6 identified peptides originate from basic polypeptides, while 2 of 
them originate from the acidic polypeptide, covering the region around the location of the 
disulfide bridge. All identified peptides originate from a region in glycinin that was already 
defined in the peptide maps (Figures 4 and 5) as being a region contributing to the 
aggregation of glycinin upon chymotryptic hydrolysis. The average hydrophobicity score of 
all intact acidic and basic polypeptides is -0.228 (± 0.048) and 0.018 (± 0.034), respectively. 
The higher the score, the higher the hydrophobicity. When comparing these values with 
values of the peptides in Table 3, it can be concluded that the latter peptides are relatively 
hydrophobic. This relative high hydrophobicity is, therefore, probably the reason why these 
peptides are not soluble. 
It can be concluded that the sequences of peptides that aggregate after repetitive tryptic 
digestion do not reveal new regions of glycinin that strongly contribute tot the aggregating 
regions. They were shown to originate from the same regions as already defined as 
aggregating regions based on the analysis of 90 % of the aggregating peptides. 
 

 117



Chapter 7 

 
Figure 7: Hydrophobicity plot according to Eisenberg (36) (——) for Glycinin 1 combined with its 
corresponding accumulative quantitative peptide map (——), including the identified peptide in the 
pellet fraction as shown in Table 3. 
 
As already mentioned above, the hydrophobicity is likely to play an important role in the 
aggregation of glycinin-derived peptides. Therefore, in Figure 7 the hydrophobicity according 
to Eisenberg (36) (grey line) as a function of the amino acid sequence for Glycinin 1 is 
shown. In addition, the total accumulative quantitative peptide map, being a combination of 
Figures 4 and 6, is shown. The calculation of the hydrophobicity was performed using the 
ProtScale software from the Swiss Institute of Bioinformatics (www.expasy.org), using a 
“window size” of 15 (= peptide range over which the average hydrophobic score is 
calculated). If the hydrophobicity score is above 0, the region in the sequence can be regarded 
to be hydrophobic. It shows that the hydrophobic regions are strongly present in the 
aggregating peptide, revealing the large contribution of hydrophobic interactions in the 
aggregation mechanism of the glycinin-derived peptides. This graph is only shown for 
Glycinin 1, since all subunits showed the same pattern. 
 

Mechanism of enzyme-induced aggregation 

Recently, Nagai and Inouye (17) proposed a mechanism for the enzyme-induced aggregation 
of soy protein isolate upon hydrolysis with subtilisin Carlsberg. First the hydrophilic surface 
areas of the proteins are degraded, subsequently followed by the degradation of the 
hydrophobic core of the protein. This results in a strong decomposition of the tertiary 
structure of the proteins followed by aggregation due to hydrophobic interactions. However, 
no attention was paid to the quaternary structure of the proteins prior to hydrolysis and the 
aggregating fractions were not identified with respect to the regions from which they originate 
in the SPI. In the present study the quaternary structure of the proteins prior to hydrolysis was 
studied together with the regions from which the peptides originate.   
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Figure 8 visualizes the probable aggregation mechanism of soy glycinin-derived peptides. It 
schematically shows the quaternary structure of heated glycinin molecules that comprises ~50 
% aggregated material, whereas the other ~50 % comprises the glycinin dissociation products 
(trimers, dimers, monomers and individual acidic and basic polypeptides). The possible 
different contributions of soluble aggregates and glycinin dissociation products on the 
aggregation of the glycinin peptides was not studied. Therefore, in the proposed model it is 
assumed that each form in which glycinin is present prior to hydrolysis participates equally in 
the subsequent hydrolysis and aggregation. 
In the hexameric and trimeric structure of non-heated glycinin the basic polypeptides are more 
or less buried in the tri- or hexamer, shielded by the hydrophilic acidic polypeptides that face 
the hydrophilic solution (24), which promotes a good solubility. As the aggregates and 
monomers formed upon heating are soluble, they still might posses a more or less organized 
structure with a hydrophilic outside (acidic polypeptides) and a hydrophobic core (basic 
polypeptide) as shown in Figure 8 and also described in the model of Nagai and Inouye (17). 
Upon enzymatic hydrolysis the hydrophilic outside of the soluble glycinin aggregates and 
glycinin dissociation products (acidic polypeptides) might be preferentially degraded. In 
contrast, the hydrophobic core of the soluble aggregates and monomers (basic polypeptide) is 
only degraded to a low extent. The remaining proteinaceous material, being mainly peptides 
originating from the basic polypeptide and a fraction of the acidic polypeptide, increases in 
hydrophobicity with increasing DH and at a certain point starts to form aggregates. 
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Figure 8: Proposed model for aggregate formation upon hydrolysis of soluble glycinin aggregates 
and its dissociation products. 
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In conclusion, the results show that aggregation of heated glycinin upon chymotryptic 
hydrolysis is mainly due to the aggregation of peptides originating from the basic polypeptide. 
In addition, those parts of the acidic polypeptide in the region where the disulfide bridge 
connects the basic polypeptides to the acidic polypeptides are also present in the aggregating 
peptides. Since the aggregation of glycinin is mainly substrate,  and to a lesser extent, 
enzyme-dependent (14), it is likely that enzyme-induced aggregation of glycinin follows a 
similar mechanism upon hydrolysis with other enzymes. 
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Chapter 8 

AGGREGATION OF SOY PROTEIN DERIVED PEPTIDES 

In the present study the aggregation behavior of soy peptides has been investigated. The main 
prerequisite for all experiments was that there was no enzyme activity at the moment that the 
(visible) aggregation of the peptides was induced. This was obtained by uncoupling the 
hydrolysis from the subsequent aggregation, which is in contrast to all the studies presented in 
literature (Table 1, Chapter 1) in which enzyme-induced aggregation was studied under 
conditions at which the aggregation coincides with hydrolysis. Only Nagai and Inouye (1) 
stop the hydrolysis at a certain point to study the subsequent aggregation of the hydrolysate. 
The uncoupling in the present study is done by keeping the pH stable during the hydrolysis 
(pH-stat method), followed by inhibition of the enzyme at the moment that the DH of interest 
is reached. Subsequently, the hydrolysate obtained (with a fixed DH) was used to study its 
aggregation behavior as a function of pH. Using this approach enables a control of pH and 
DH during the aggregation process. 
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Figure 1: Solubility (4 % (w/w) protein, I = 0.03 M) of SPI hydrolysates as a function of pH, 
determined using the Dumas method (1A) and the aggregation pH as a function of DH for different 
ionic strengths (1B; data deduced from Chapter 2, Table 2). Hydrolysates were obtained by hydrolysis 
of heated SPI solutions using subtilisin Carlsberg. 
 
The first results obtained by uncoupling the hydrolysis from subsequent aggregation, clearly 
showed the relation between the DH and the pH at which aggregates are formed (Chapter 2). 
It was shown that with increasing DH, the solubility decreased at higher pH values, as 
indicated by the black arrow in Figure 1A. In Figure 1B the onset-aggregation pH as a 
function of DH is shown for different ionic strengths. The ionic strength hardly influenced 
this change in onset-aggregation pH. This can be observed in Figure 1B, which is obtained 
from turbidity experiments at various ionic strengths and DHs (Chapter 2). In the pH range of 
6.5-8.0, the solubility of the hydrolyzates is lower than the solubility of the parental proteins. 
However, around the pI of the parental protein (pH 5.34 and 5.23 for glycinin and β-
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conglycinin, based on their average amino acid composition as found in the Swiss-Prot 
database), an increase in solubility can be observed (indicated with the grey arrow). This is in 
agreement with the general observation that enzymatic hydrolysis improves protein solubility 
(2).  
  
Glycinin-derived peptides appeared to be the driving force in the strong aggregation of SPI at 
neutral pH (Chapter 3). This was extensively investigated for subtilisin Carlsberg (Chapter 3). 
Although not proven, the results obtained in Chapter 4 indicate that this statement is also valid 
for the use of a number of other proteases, not including trypsin. In Chapter 7 a mechanism is 
proposed for the aggregation of glycinin derived peptides upon hydrolysis. The mechanism is 
based on the observations that mainly peptides that originate from the basic polypeptides of 
glycinin are present in the aggregating peptides. In addition to this, also peptides originating 
from the acidic polypeptide around the location of the disulfide bridge that connects the acidic 
to the basic polypeptide have the tendency to aggregate.  
Upon heating, prior to hydrolysis, the glycinin was partly aggregated as well as partly 
dissociated into probably its trimers or monomers or even into its individual polypeptides, as 
observed by size exclusion chromatography (Chapter 7). Although it was not part of the 
present study, it would be interesting to study to what extent the quaternary structure of the 
proteins, present prior to hydrolysis, are of influence for the subsequent hydrolysis. In other 
words, to study whether the soluble aggregates are more susceptible to aggregation upon 
hydrolysis than the hexamers, trimers, monomers or the individual acidic and basic 
polypeptides. Understanding the preferred quaternary structure required for strong 
aggregation upon hydrolysis enables optimizing the pretreatment of soy protein isolates, 
ultimately resulting in optimum aggregation. 
In this thesis, there was no focus on the nature of interactions that play a dominant role in the 
aggregation of peptides, although we showed that electrostatic interactions play a minor role 
on the pH at which the peptides start to aggregate, as can be observed from Figure 1B. 
Previous studies have shown that hydrophobic interactions are the driving force in the 
aggregation mechanism of enzyme-induced aggregation, whereas the formation of disulfide 
bridges played a minor role (1, 3, 4). Our results (Chapter 7) point into the same direction. 
The regions from which the aggregating peptides mainly originate are predominantly 
hydrophobic. Although studies on the nature of the interactions between the proteins were not 
performed in this study, the approach of uncoupling the hydrolysis from the aggregation is 
very suitable for these studies. This is because one hydrolysate batch can be used for several 
aggregation experiments (e.g. different temperatures or ionic strengths). 
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RESISTANCE OF BASIC POLYPEPTIDE TOWARDS ENZYMATIC HYDROLYSIS 

As already mentioned above, a second result of this study was that peptides from the basic 
polypeptides of glycinin are the main constituents of the aggregating proteinaceous material 
(Chapter 7). Since the aggregating peptides have molecular masses of 5,000 to 25,000 Da, it 
is likely that the basic polypeptide is only degraded to a low extent at a DH of 2.2 %.  
Usually soy proteins are heated prior to consumption. This heating aims at destroying the 
Bowman Birk and Kunitz protease inhibitors to enable the use of the full nutritional potential 
of soybean proteins after consumption (5). For this reason, in the study presented in this thesis 
the soy protein solutions were also heated prior to proteolytic degradation. As an extension, 
next to the heated glycinin, also the hydrolysis of the non-heated glycinin by chymotrypsin 
was studied with respect to the degradation pattern of the proteins. The results of these studies 
have not yet been discussed in the previous chapters.  
For the heated and non-heated glycinin the size distributions of their aggregating peptides at 
pH 4.8 were studied for several DH values using size exclusion chromatography as shown in 
Figure 2. The acidic polypeptides elute around 7.6 and 9.4 mL, the basic polypeptides elute 
around 8.4 mL, and a minor amount of β-conglycinin present in the glycinin preparation 
elutes around 6.8 mL (Chapter 2). These results show that for the non-heated glycinin, up to a 
DH of 2.2 % the basic polypeptides are resistant towards chymotryptic hydrolysis. In contrast, 
for the heated glycinin the basic and the acidic polypeptide are both degraded. The 
observation that the basic polypeptides show a higher resistance towards enzymatic 
hydrolysis is in agreement with several other studies (3, 6-9). 
 

Non-heated glycinin Heated glycinin 

Figure 2: Size exclusion chromatograms under denaturing conditions (6M urea, 30 % (v/v) 
acetonitrile, 0.1 % (v/v) TFA) of aggregating peptides after chymotryptic hydrolysis at pH 4.8 of non-
heated and heated glycinin at various DH values. The samples were denatured and reduced prior to 
analysis. The peaks around 7.6 and 9.4 mL represent the acidic polypeptide. The peak around 8.4 mL 
represents the basic polypeptide (Chapter 2). 
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Figure 3: SDS-PAGE of marker (M) aggregating peptides at pH 4.8 for various DH values (0-8.5 %) 
of non-heated glycinin after hydrolysis with chymotrypsin. 
 
At DH values higher than 2.2 % the basic polypeptide of the non-heated glycinin was also 
degraded as observed by size exclusion chromatography (no further results shown) and by the 
weak decrease in density of the ~ 20 kDa protein band as present at the SDS-PAGE gel shown 
in Figure 3. Nevertheless, at a DH of 8.5 % still a relative high proportion of the intact basic 
polypeptide was present. 
In the non-heated glycinin, probably the acidic polypeptide is shielding the basic polypeptide 
rather well, thereby preventing its degradation. This occurs till the point at which the basic 
polypeptide becomes exposed to the solvent and therewith becomes better susceptible to the 
enzyme. Upon heating the quaternary structure of glycinin is changed in such a way that the 
acidic polypeptide does not protect the basic polypeptide sufficiently anymore, resulting in a 
better susceptibility of the basic polypeptide towards chymotryptic hydrolysis. 
 

USE OF SPIs WITH DIFFERENT GLYCININ AND β-CONGLYCINN RATIOS 

A third result of the present study was the ease of preparation of SPIs having different ratios 
of glycinin and β-conglycinin (Chapter 3). These SPIs can be used to find the optimum ratio 
for a corresponding food product. For tofu processing it is known that the glycinin/β-
conglycinin ratio is an important parameter for the final product attributes such as yield and 
firmness (10, 11). However, it should be noted that not only the glycinin/β-conglycinin ratio 
defines the quality of the final product, but also the method of processing plays a significant 
role (12).     
The strong aggregating properties of glycinin peptides can be used in food products where 
strong aggregation is required, such as in the preparation of curd for tofu. For optimum use of 
this property it is important to work with soybeans or soy protein isolates that have a high 
glycinin content. This high glycinin content can be obtained by selecting soybean varieties 
with a high level of glycinin or by choosing an appropriate procedure for SPI preparation as 
shown in Chapter 3. Although purification of glycinin and β-conglycinin based on differential 
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acidic precipitation has been used extensively, to our knowledge this acidification has not 
been applied before with the aim to obtain SPIs with different glycinin/β-conglycinin ratios. 
In cultivated soybeans there is not much variation in the glycinin/β-conglycinin ratios, as 
visually observed from SDS-PAGE analysis (13, 14). Densitometric analysis of various 
soybean cultivars showed a glycinin/β-conglycinin ratio varying from 1.31 to 2.45 (10-12, 
15). This variation in ratio is much lower than observed in related protein sources such as pea, 
in which the ratio of legumin (analogue to soy glycinin) / vicilin (analogue to soy β-
conglycinin) varied from 0.13 to 0.83 (16). To obtain soy varieties with higher glycinin/β-
conglycinin ratio breading trials should be considered, as these breeding trials have been 
reported to result in soybeans with a glycinin/β-conglycinin ratio of 6.03 and 3.82 (17). In 
addition, the use of wild type varieties can be considered, since these are known for their 
higher genetic variation than cultivated soybeans (18). 
As stated above by making use of appropriate conditions SPIs with different glycinin/β-
conglycinin ratios can be obtained. This was done by making use of the difference in 
solubility of glycinin and β-conglycinin as a function of pH (19). The difference in solubility 
as a function of pH for glycinin and β-conglycinin is depicted in Figure 4. At various pH 
values, the ratios between insoluble glycinin and β-conglycinin differ. Based on this 
difference, soy protein isolates can be prepared having different glycinin/β-conglycinin ratios. 
Consequently, this can be done without the need of reconstituting purified glycinin and β-
conglycinin preparations to SPIs with appropriate glycinin/β-conglycinin ratios. Three 
acidification procedures were used all starting with the pH 8.0 soluble soy protein fraction (A, 
B, and C). After precipitating the proteins at a given pH, the pH of its supernatant was further 
decreased to the next precipitation pH. The glycinin/β-conglycinin ratios found in Chapter 3 
varied from 11.50 to 0.28, which is a much higher variation than the ones observed in 
soybean cultivars as described above. This approach is of interest due to the simplicity to 
obtain isolates with various glycinin/β-conglycinin ratios from the same genetic soybean 
variety. It enables studying the contribution of glycinin or β-conglycinin to a functional 
property of interest.  For commercial applications the advantage of preparation of specific 
SPIs is that different SPIs can be prepared from one batch of soybeans, thereby avoiding the 
need for using several soybean cultivars in the process facilities, which keeps logistics more 
simple. 
When the approach of interval precipitation is used to obtain glycinin-rich isolates, the 
fraction that is left is enriched in β-conglycinin. This fraction can as well be of interest, since 
β-conglycinin has different aggregation properties compared to glycinin (20, 21). In addition 
to this, β-conglycinin also receives increased attention with respect to its physiological 
functions (22-24), making β-conglycinin-rich SPIs interesting as health improving 
ingredients.  
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Figure 4: Solubility profile of soy glycinin and β-conglycinin as a function of pH combined with its 3 
different sequential precipitation intervals used (A, B, and C) to obtain SPIs having different 
glycinin/β-conglycinin ratios (e.g. 64/36 for the precipitation interval C). 
  

PEPTIDE AND PROTEIN QUANTIFICATION AT 214 NM 

A fourth result of this study is the establishment of a method to quantify peptides based on 
their absorbance at 214 nm, once identified in a protein hydrolysate. With the increased 
interest in bio-active peptides (25-27), there is a demand for rapid methods to quantify a range 
of individual peptides. For proteins, quantification based on their absorbances at 280 nm is a 
commonly used method. The molar extinction coefficient of a protein at 280 nm is only 
defined by the proportion of tyrosine, tryptophan, and cystine (28). This method can only be 
applied for peptides containing tryptophan or tyrosine (29), which is certainly not always the 
case as tryptophan and tyrosine are usually present in low proportions in proteins; 1.3 and 3.2 
%, respectively (30). As a consequence, at 280 nm not all peptides can be quantified. 
Quantification of all peptides present in a hydrolysate, therefore, requires a method at a 
wavelength at which each peptide absorbs light. The best approach for this will be by 
measuring the absorbance around 214 nm, as the peptide bond absorbs light around this 
wavelength. 
As no complete database was available for the contribution of all amino acids and the peptide 
bond to the absorbance of a protein or peptide at 214 nm, in this study the contribution of 

 129



Chapter 8 

each amino acid and the peptide bond were measured (Chapter 5). We have shown that, based 
on the known amino acid sequence of peptides and proteins, the molar extinction coefficient 
can be predicted rather well. Especially when one considers that no easy-to-use alternative is 
at hand. 
Protein quantification at 214 nm has been described more often in literature (31-34). Protein 
quantification at 214 nm appears to be suitable for determining the protein concentration 
when the amino acid composition of the protein is not known. This is due to the fact that the 
amino acid composition of most proteins is rather similar. At 214 nm, therefore, the 
absorbance correlates well with the concentration (w/w) for most proteins. This correlation 
can be observed in Table 1. In this table, for a given set of proteins and peptides, the ratio 
between the measured molar extinction coefficient and the calculated molar extinction 
coefficients only based on the number of peptide bonds of the proteins and peptides are given. 
For the calculation of the ratios the molar extinction coefficients as determined in chapter 5 
are used. The higher the ratio, the higher the relative contribution of the amino acid side 
chains to the contribution of the peptide bond. For the limited set of proteins used in this study 
this ratio is on average 2.23 (±0.30). For the peptides analyzed the average ratio is 2.49 (± 
1.13).  
The relative low standard deviation for the proteins shows that the absorbance at 214 nm will 
give a rather good estimation of the protein concentration. The higher standard deviation for 
peptides illustrates well that the absorbance of peptides much more requires a correction for 
the amino acid composition of the peptides due to the strong variation of amino acid 
composition between peptides. This illustrates the importance of the establishment of the 
method described in Chapter 5. 
 
Table 1: Ratios between measured molar extinction coefficients and calculated molar extinction 
coefficient only based on the absorbance of the peptide bonds.  
Proteins εmeasured/εpeptide bonds  Peptides εmeasured/εpeptide bonds

Glycinin 2.19  RGDS 1.07 
β-Conglycinin 1.79  RINKKIEK 1.22 
α-Lactalbumin 2.60  EQLSTSEENSK 0.91 
β-Lactoglobulin 2.04  GYG 3.16 
BSA 2.15  YGGFLRR 2.79 
α-Casein 2.66  YIPIQYVLSR 2.65 
Lysozyme 2.19  GPRP 3.24 
   RPPGFSP 3.58 
   RPPGFSPFR 3.81 
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DETERMINING THE RATIO OF GLYCININ SUBUNITS. 

A fifth result of the present study is the use of an easy and direct method to determine the 
ratios between the 5 subunits G1 to G5 of glycinin by N-terminal sequencing as described in 
Chapter 7. The advantage of this method is that prior to analysis, no separation in the different 
subunits is required. 
In literature gel electrophoresis and ion exchange have been reported to be suitable methods 
to separate individual subunits and quantify their ratios after reduction of their disulfide 
bonds. Mori and co-workers (14) studied the differences in subunit composition of glycinin 
among different soybean cultivars using gel-electrophoresis. The individual subunits were 
well separated and their relative proportion was determined densitometrically. Later studies 
showed that separating all polypeptides on SDS-PAGE is difficult to achieve, due to the 
overlap in masses of the acidic polypeptides A1a, A2, A1b and A4, which vary from 30 to 
32.6 kDa, and the fact that the basic polypeptides, each having molecular masses around 20 
kDa. This results in an overlap of protein bands in the SDS-PAGE gel (10, 35). Also, ion 
exchange chromatography can be used to separate the different acidic polypeptides rather well 
(36, 37). The peak areas reveal the ratios between the different polypeptides. However, for 
several peaks some heterogeneity was observed, which complicates accurate determination of 
the ratios.  
A drawback of the determination of the different subunit ratios using gel-electrophoresis or 
ion exchange chromatography is that next to the separation, a second step is required to 
determine which polypeptide corresponds to which peak in an ion exchange chromatogram or 
to which band in a gel. This is in contrast to the method of N-terminal sequencing used in 
Chapter 7. For this method only the known N-terminal sequences and a relative pure sample 
of glycinin are the main requirements, as in this method the identification and quantification 
are integrated. 
When the N-termini of all polypeptides are known, N-terminal sequencing showed to be a 
relatively quick and accurate approach to quantify the ratio between the various polypeptides. 
Especially, when compared to the other approaches reported in literature. The high accuracy 
is well demonstrated based on the control that for corresponding N-termini the sum of the 
acidic polypeptides should be equal to the sum of the amount of basic polypeptides, as shown 
in Chapter 7. 
 

GEL STRENGTH MODIFYING PROPERTIES OF SOY PEPTIDES 

The sixth result of this study was the elucidation of the opposite effect of glycinin- and β-
conglycinin-derived peptides to the aggregation behavior of peptides in a hydrolyzed SPI. The 
hypothesis was raised (Chapter 4) that peptides of β-conglycinin have aggregation-preventing 
properties. In SPI they are supposed to prevent the aggregation of the glycinin-derived 
peptides that have a strong tendency to aggregate. Such aggregation-preventing properties 
were previously described for the inhibition of blood platelet aggregation by milk- (38-41) 
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and soy protein-derived peptides (42). The peptides that have blood platelet aggregation 
preventing properties were reported to be hydrophilic and to consist of small peptides up to 11 
amino acids.  
As peptides have the ability to inhibit aggregation, it is likely that these peptides can also 
change the aggregation of proteins upon heating, which can be a means to modify the gelling 
properties of proteins. This is in agreement with observation by Sodini and co-workers (43), 
who observed that dairy yoghurts, supplemented with hydrolysates, showed a decreased 
viscosity with increasing supplementation. To study this effect for soy protein-derived 
peptides we have explored the possibilities of addition of hydrolysates with a DH of 6.5 % 
derived from SPI, glycinin and β-conglycinin to non-hydrolysed SPI, to tune the properties of 
heat-induced gels. The hydrolysates were added to a 6.8 % (w/w) SPI solution. The peptide 
concentrations were 5 and 10 % (w/w) relative to the amount of intact protein. The heat-
induced gelation was studied by gradually increasing the temperature up to 90°C. After 
heating, gels were formed, which shows that the peptides were not able to prevent 
aggregation. The gel strength after heating was determined using a Texture Analyzer, of 
which the results can be observed in Figure 5.  

 
Figure 5: Breaking force at the moment of breaking of heat-induced SPI gels (6.8 % protein (w/w) 
not containing peptides, or supplemented with SPI, glycinin, or β-conglycinin hydrolysates (DH = 6.5 
%), at concentrations of 5 and 10 % relative to the SPI concentration. Standard deviations are based 
on 5 measurements. The diameter of the probe (with a round head) was 5 mm. The moving speed of 
the probe was 0.2 mm/s. 
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Figure 6: Development of the G’ as a function of time during heat-induced gelation of SPI (——), 
SPI + SPI hydrolysate (DH = 6.5 %) up to 5% (w/w) (— — —) and 10 % (w/w) (• • • •) relative to 
the SPI concentration (6.8 % w/w). The storage modulus (G’) was measured at a constant strain of 0.1 
and an angular frequency of 0.63 rad/s. The grey line represents the development of the temperature. 
 
Upon the addition of peptides the force needed to break heat-induced soy protein gels 
containing hydrolysates, was significantly lower when compared to gels not supplemented 
with hydrolysates (Figure 5). There was no clear difference in the decrease in breaking force 
between hydrolysates originating from SPI, glycinin or β-conglycinin. In addition to 
measuring the breaking force, for SPI gels containing SPI-derived hydrolysates, the 
development of the elastic modulus (G’) was followed in time during gradual heating and 
cooling using a rheometer (Figure 6). These results confirm the results of the breaking force 
measurement (Figure 5). They show a decrease of in gel strength from ~175 Pa in the absence 
of hydrolysates to ~50 Pa when hydrolysates are added. Analysis of the protein content of the 
supernatants of the gels after centrifugation revealed that peptide addition did not decrease the 
amount of aggregated proteins upon heating. The fact that the amount of aggregating material 
did not decrease upon addition of peptides but the gel strength did indicates that the peptides 
change the interactions and therewith change the network structure between intact proteins 
upon heating. 
 
In the studies on the inhibition of blood platelet aggregation, the peptides responsible for 
aggregation were reported to be small and hydrophilic. The high hydrophilicity of the 
peptides reveals that probably electrostatic interactions play a dominant role in the 
aggregation preventing effect. 
Recently, Creusot (44) reported that peptides can induce aggregation of proteins, due to the 
formation of a kind of glue network by the peptides that encloses intact proteins. This results 
in an additional aggregation of intact proteins upon changing the pH. This is due to the strong 
aggregating properties of the peptides themselves under the conditions used as the proteins 
alone do not aggregate at the conditions applied. This phenomenon probably does not play a 
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role in the heat-induced aggregation of intact SPI in the presence of SPI-derived peptides, 
since in the present study the soy peptides do not have extra aggregating properties at the 
conditions used. 
Next to the hydrophobic interactions, the formation of disulfide bridges might increase the gel 
strength (45). Addition of cysteine to proteins prior to heat-induced gelation results in a 
decrease in molecular weight of heat-induced aggregates due to blocking of free sulfide 
groups. This blocking prevents the formation of new intermolecular disulfide bridges and so 
reduces the gel strength (46). This was also observed in the present study upon addition of 
cysteine to SPI prior to heating (no further results shown). Peptides, containing free 
sulfhydryl groups (from cysteine), may also have this property to react with a free sulfhydryl 
group of an intact protein, preventing subsequent disulfide formation with other intact 
proteins, and as a result decreases the gel strength. Although blocking of free sulfide groups 
of intact protein by free sulfide groups present in peptides can be in important parameter 
influencing gel strength, it is not the only reason for the decreased gel strength as observed in 
Figure 5. β-Conglycinin contains 0 or only 1 cysteine residue and glycinin contains 6 or 8 
cysteine residues. Taking into account the low amount of cysteine present in β-conglycinin, 
and its relative low quantity (5 or 10 % (w/w) relative to the amount of intact protein) added 
to the SPI, it is not likely that the observed decrease in gel strength as a result of addition of β-
conglycinin hydrolysates to SPI is only due to the blocking of free sulfhydryl groups.  
A hypothetical mechanism of how peptides may decrease the gel strength of heat-induced 
gels is the release of amphipathic “gel strength modifying” peptides. The amino acid sequence 
of glycinin and β-conglycinin both contain distinct hydrophilic and hydrophobic regions as 
shown in Chapter 1. It can, therefore, be speculated that during hydrolysis of these proteins, 
amphipathic peptides are formed.   
Upon heating, proteins unfold, resulting in an increase in exposure of the hydrophobic interior 
to the surface of the protein as schematically presented in Figure 7A. Due to hydrophobic 
interactions between exposed hydrophobic groups, proteins can form aggregates (Figure 7B), 
which might results in a gel network, further enhanced by disulfide bridge formation. In the 
presence of amphipathic peptides, these exposed hydrophobic groups of unfolded proteins can 
be partly “blocked” due to hydrophobic interactions between hydrophobic regions of the 
protein and peptide (Figure 7C). This results in a protein-peptide complex with an increased 
net hydrophilic surface, subsequently resulting in a decrease in aggregate size and a decrease 
in gel strength. The amphipathic peptides might be different from the ones being responsible 
for the aggregation of the peptides itself (Chapter 7) since these peptides are predominant 
hydrophobic. 
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Figure 7: Tentative model of the influence of gel strength modifying peptides on the aggregation of 
intact proteins. Heating of proteins leads to unfolding (A), resulting in the exposure of hydrophobic 
groups, followed by aggregation (B). Upon addition of gel strength modifying peptides the 
aggregation mechanism of proteins is changed (C). 
 
As shown above, the ability of soy protein hydrolysates to decrease the gel strength of heat-
induced intact soy protein gels can be of interest for food industry as it can be an interesting 
means to modify the texture of food products.  
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SUMMARY 

Enzymatic hydrolysis can be used to improve the functional properties of soy proteins. In a 
number of studies it is reported that enzymatic hydrolysis of soy proteins can induce 
aggregation and subsequent gelation. Understanding the characteristics and origin of the 
aggregating peptides will enable optimization of the hydrolysis process with respect to the 
yield of peptides having aggregating properties. Hydrolyzates containing high proportions of 
these peptides can be used as functional ingredients in foods. 
The aim of the work presented in this thesis is to understand how limited enzymatic 
hydrolysis can strengthen the aggregation behavior of soy protein material, with a focus on 
the individual contributions of the storage proteins glycinin and β-conglycinin. This is done 
by uncoupling the enzymatic degradation and the aggregation process. Subsequently, it is 
focused on the identification of those regions in soy proteins from which peptides originate 
that have strong aggregating properties. 
A general introduction to soy proteins, their hydrolysis and their subsequent enzyme-induced 
aggregation is presented in Chapter 1. A literature overview is presented of the research 
performed up till now on the enzyme-induced aggregation of soy proteins. It was shown that 
various proteases have the ability to yield soy peptides that have strong aggregating 
properties. 
In Chapter 2 it is described how the onset-pH of gelation of soy protein isolates (SPIs) 
hydrolyzed with subtilisin Carlsberg changes as a function of pH and ionic strength. Acid-
induced cold gelation of soy protein hydrolysates with a degree of hydrolysis (DH) up to 9 % 
was studied. The enzyme was inhibited when the desired DH was reached to uncouple the 
hydrolysis from the subsequent gelation. The latter was induced by addition of glucono-δ-
lactone causing a gradual lowering of the pH. Visual observations, confocal scanning laser 
microscopy images and the elasticity moduli showed that hydrolysates gelled at higher pH 
values with increasing DH. The non-hydrolyzed SPI gelled around pH 6.0, whereas a DH = 
4.5 % hydrolysate gelled around pH 7.6. Gels made from hydrolysates had a softer texture 
than gels from intact SPI when manually disrupted. They show syneresis below a pH of 5-5.5. 
Monitoring the gelation by measuring the development of the storage modulus could be 
replaced by measuring the onset pH of aggregate formation (pHAggr-onset) using turbidity 
measurements. Changes in the ionic strength (0.03, 0.2 and 0.5 M) had only a minor influence 
on the pHAggr-onset. This indicates that the aggregation is not simply a balance between 
repulsive electrostatic and attractive hydrophobic interactions, but is more complex.  
Chapter 3 elucidates the contributions of glycinin and β-conglycinin-derived peptides to the 
previously (Chapter 2) described aggregation of soy protein hydrolysates. The aggregation 
behavior, measured as the solubility of the proteinaceous material, as a function of pH was 
studied for hydrolysates of SPI, glycinin- and β-conglycinin-rich protein preparations 
obtained with subtilisin Carlsberg. The substrates were hydrolyzed up to DH 2.2 and 6.5 %. 
Compared to non-hydrolyzed SPI, a decrease in solubility was observed for the hydrolysates 
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of SPI (0.8 (w/w) % protein, I = 0.03 M) around neutral pH. At pH 8.0, glycinin hydrolysates 
had a much lower solubility (~ 43 and 60 % for DH = 2.2 and 6.5 %, respectively) than SPI 
and β-conglycinin-derived hydrolysates. The latter were almost completely soluble. Peptides 
that aggregated were all larger than 5 kDa. The solubility behavior of hydrolysates of SPIs 
with different glycinin and β-conglycinin compositions showed that glycinin-derived peptides 
are causing the lower solubility of SPI hydrolysates. The solubility of SPI hydrolysates at pH 
8.0 was shown not to be simply the sum of those of glycinin and β-conglycinin hydrolysates. 
Assuming that the separate hydrolysis of glycinin and β-conglycinin did not differ from that 
in the mixture (SPI), this indicates that β-conglycinin-derived peptides can have the ability to 
inhibit glycinin-derived peptide aggregation. 
In Chapter 4 a number of enzymes (bromelain, papain, trypsin and chymotrypsin) were used 
to hydrolyze SPI, glycinin, and β-conglycinin. This was done to investigate whether peptides 
obtained after limited proteolytic hydrolysis of soy glycinin have the generic property to 
aggregate at neutral pH, and to what extent this depends on the protease used. SPI, glycinin, 
and β-conglycinin and, as a reference, bovine whey-derived proteins (whey protein isolate, α-
lactalbumin, β-lactoglobulin) were heated and hydrolyzed till a DH of 2.2 %. The solubility of 
the hydrolysates obtained was studied as a function of pH. Next to glycinin-derived peptides 
obtained after hydrolysis with subtilisin Carlsberg (Chapter 3), at neutral pH glycinin-derived 
peptide hydrolysates obtained by hydrolysis with chymotrypsin, bromelain and papain also 
showed a lower solubility compared to the non-hydrolyzed glycinin. This decrease in 
solubility was not observed for glycinin hydrolyzed by trypsin, and also not for hydrolysates 
from β-conglycinin, SPI, and whey-derived protein preparations. These results show that 
glycinin has a strong tendency to aggregate upon limited hydrolysis in comparison to the 
other substrates.  Since chymotrypsin prefers to cleave next to hydrophobic amino acids that 
are relatively abundant in the hydrophobic regions of glycinin, a stronger exposure of 
hydrophobic groups as a consequence of hydrolysis is postulated to be the driving force in the 
aggregate formation of glycinin hydrolysates. Since hydrolysates obtained upon hydrolysis 
with chymotrypsin result in similar observations as for hydrolysates obtained upon hydrolysis 
with subtilisin Carlsberg, for further experiments chymotrypsin was used. In this way the 
number of the peptides that can be expected upon hydrolysis is reduced due to the high 
specificity of chymotrypsin compared to subtilisin Carlsberg. 
To increase the understanding of aggregation of glycinin-derived peptides, Chapter 5, 6, and 7 
together present a new method to characterize those regions in soy proteins from which 
peptides originate that have strong aggregating properties. To determine the concentration of 
individual peptides, in Chapter 5 data are presented for the prediction of the absorbance of 
peptides at 214 nm based on their individual amino acid sequences. The molar extinction 
coefficients of 20 amino acids and the peptide bond were measured at 214 nm in the presence 
of acetonitrile and formic acid to enable quantitative comparison of peptides eluting from 
reversed-phase high-performance-liquid-chromatography once identified with mass-
spectrometry (RP-HPLC-MS). The peptide bond has a molar extinction coefficient of 923 M-
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1cm-1, as measured via the use of polylysine. Tryptophan has a molar extinction coefficient 
that is ~30 times higher than that of the peptide bond, whereas the molar extinction 
coefficients of phenylalanine, tyrosine and histidine are ~6 times higher than that of the 
peptide bond. Proline, as an individual amino acid has a negligible molar extinction 
coefficient. However, when present in the peptide chain (except at the N-terminus) it absorbs 
~3 times more than a peptide bond. Methionine has a similar molar extinction coefficient as 
the peptide bond. All other amino acids have a much lower molar extinction coefficient. The 
predictability of the molar extinction coefficients of proteins and peptides, calculated by the 
amino acid composition and the number of peptide bonds present, was validated using several 
proteins and peptides. The measured and calculated molar extinction coefficients were in 
rather good agreement, which shows that it is possible to compare peptides analyzed by RP-
HPLC-MS in a quantitative way. This method enables a quantitative analysis of all peptides 
present in hydrolysates once identified with RP-HPLC-MS.  
The quantification of the peptide concentration as described in Chapter 5 is used in Chapter 6 
in which the novel method of accumulative-quantitative-peptide-mapping is presented. This 
method is applicable for systems in which peptides of a protein hydrolysate posses specific 
functional properties, but are too large to be sequenced directly and the peptide mixture is too 
complex to purify and characterize each peptide individually. In the present work, aggregating 
peptides obtained by proteolytic hydrolysis of soy glycinin were used as a case study. The 
aggregating peptides are isolated and subsequently further degraded with trypsin to result in 
peptides with masses < 5,000 Da to enable identification. The isolated peptides are first 
fractionated using anion and cation exchange chromatography. Subsequently, the fractions 
obtained are analyzed with RP-HPLC-MS in combination with MS/MS. The peptides, with 
identified sequences, were quantified using the peak areas of the RP-HPLC chromatograms 
measured at 214 nm, corrected for their individual molar extinction coefficient (Chapter 5), 
followed by peptide mapping. The results show that in complex systems, based on the method 
described, the regions in the parental protein from which the functional peptides originate can 
be identified. 
In Chapter 7 the method of accumulative-quantitative-peptide-mapping is applied to soy 
glycinin with the objective to elucidate which regions in glycinin have the strongest tendency 
to aggregate after enzymatic hydrolysis.  
Tryptic digestion of the aggregating peptides isolated from a glycinin hydrolysate resulted in 
a hydrolysate in which 90 % of the proteinaceous material was dissolved. The soluble fraction 
was used for accumulative-quantitative-peptide-mapping. The molar proportion in which the 
five glycinin subunits are present in glycinin, as determined by Edman degradation, is taken 
into account. The results of the accumulative-quantitative-peptide-mapping showed that 
mainly the basic polypeptide and a part of the acidic polypeptide, close to the location of the 
disulfide bridge between the basic and acidic polypeptide, are present in the aggregating 
peptide fraction. Based on the results obtained an aggregation mechanism was proposed. The 
mechanism shows that the hydrophilic acidic polypeptides, possibly still connected to the 
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Summary 

basic polypeptide by a disulfide bridge, shield the hydrophobic basic polypeptides and are 
degraded upon hydrolysis. This results in a net increase in hydrophobicity of the truncated 
protein, which mainly consists of the basic polypeptide fragments. This increase in 
hydrophobicity is the driving force in the aggregation of chymotrypsin-derived peptides of 
glycinin. 
The thesis is concluded with a general discussion (Chapter 8) on the main results obtained in 
this work with a special attention to possible effect of peptides to intact protein gelation. In 
addition, attention was paid to the difference between heated and nonheated glycinin as a 
substrate for hydrolysis. 

 142 



 Samenvatting 

SAMENVATTING 

Enzymatische hydrolyse kan gebruikt worden om de functionele eigenschappen van soja 
eiwitten te verbeteren. In verschillende studies is gevonden dat enzymatische hydrolyse van 
soja eiwit kan resulteren in aggregatie, al dan niet gevolgd door gelering. Het begrijpen van 
de kenmerken en de herkomst van de aggregerende peptiden kan het mogelijk maken het 
hydrolyse proces dusdanig te optimaliseren om zo een optimale hoeveelheid aggregerende 
peptiden te krijgen. Hydrolysaten met een grote hoeveelheid aggregerende peptiden kunnen 
gebruikt worden als functionele ingrediënten. 
Het doel van het werk beschreven in dit proefschrift is het begrijpen hoe gelimiteerde 
hydrolyse het aggregatiegedrag van soja eiwitten kan versterken, met een focus op de 
individuele bijdrage van de eiwitten glycinine en β-conglycinine. Dit is gedaan door de 
enzymatische afbraak van de eiwitten los te koppelen van het aggregatieproces, gevolgd door 
de identificatie van die gebieden in soja eiwitten van waaruit de peptiden afkomstig zijn die 
de sterkst aggregerende eigenschappen hebben. 
Hoofdstuk 1 van dit proefschrift geeft een algemene introductie van soja eiwitten, hun 
hydrolyse en de daarop volgende aggregatie van peptiden. Er wordt eveneens een 
literatuuroverzicht gepresenteerd van het onderzoek dat tot nu toe uitgevoerd is met 
betrekking tot enzym-geïnduceerde aggregatie van soja eiwitten. Dit overzicht laat zien dan er 
verschillende proteases zijn die de eigenschap hebben om peptiden te vormen die sterk 
aggregeren.  
In Hoofdstuk 2 wordt beschreven hoe de begin-pH van gelering van de soja eiwit isolaten 
(SPI), gehydrolyseerd met subtilisine Carlsberg, verandert als een functie van pH en 
ionsterkte. Deze zuur-geïnduceerde koude gelering van soja eiwit hydrolysaten met een 
hydrolyse graad (DH) tot 9 % is bestudeerd. Het enzym werd gestopt wanneer de gewenste 
DH was bereikt om de hydrolyse te ontkoppelen van de daaropvolgende gelering. Deze 
gelering werd geïnduceerd door de toevoeging van glucono-δ-lacton wat resulteert in een 
geleidelijke pH daling. Visuele waarnemingen, confocal-scanning-laser microscopie en de 
elasticiteits modulus lieten zien dat hydrolysaten geleerden bij een hoger pH waarde met 
toenemende DH. Het niet gehydrolyseerde soja eiwit isolaat vormde een gel rond pH 6,0, 
terwijl een hydrolysaat met een DH van 4,5 % rond pH 7,6 een gel vormde. Gelen gemaakt 
van hydrolysaten hadden een zachtere textuur dan gelen van intact SPI wanneer deze 
handmatig werden vervormd. De gelen gemaakt van hydrolysaten vertoonden synerese bij pH 
waarden lager dan 5-5,5. Het volgen van de gelering door het meten van de ontwikkeling van 
de opslag modulus kon worden vervangen door de begin-pH van aggregaat vorming te meten 
door gebruik te maken van troebelheids metingen. Verandering in ionsterkte (0,03, 0,2 en 0,5 
M) had slechts een kleine invloed op de begin-pH van aggregaat vorming. Dit geeft aan dat de 
aggregatie niet enkel een balans tussen afstotende elektrostatische en aantrekkende hydrofobe 
interacties is. 
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Hoofdstuk 3 ontrafelt de bijdrage van peptiden verkregen uit glycinine- en β-conglycinine- 
aan de voorgaand beschreven (Hoofdstuk 2) aggregatie van de soja eiwit hydrolysaten. Het 
aggregatie gedrag werd gemeten als de oplosbaarheid van het eiwit materiaal, als functie van 
de pH. Voor hydrolysaten van SPI, glycinine- en β-conglycinine-rijke eiwit preparaten 
gehydrolyseerd met subtilisine Carlsberg. De substraten werden gehydrolyseerd tot een DH 
van 2,2 en 6,5 %. Vergleken met niet-gehydrolyseerd SPI werd rond neutrale pH een daling in 
oplosbaarheid gemeten voor de hydrolysaten van SPI (0,8 (w/w) % eiwit, I = 0,03 M). 
Glycinine hydrolysaten hebben bij een pH van 8,0 een veel lagere oplosbaarheid (~ 43 en 60 
% voor DH = 2,2 en 6,5 %, respectievelijk) dan hydrolysaten van SPI en β-conglycinine. 
Deze laatste twee waren bijna geheel oplosbaar. Peptiden die aggregeerden waren allemaal 
groter dan 5.000 Da. Het oplosbaarheidsgedrag van hydrolysaten van SPIs met verschillende 
glycinine en β-conglycinine samenstellingen liet zien dat peptiden afkomstig van glycinine 
verantwoordelijk waren voor de lagere oplosbaarheid van de SPI hydrolysaten. De goede 
oplosbaarheid van de SPI hydrolysaten bij pH 8,0 liet zien dat dit niet slechts het resultaat was 
van de som van glycinine en β-conglycinine hydrolysaten. Als aangenomen wordt dat de 
individuele hydrolyse van glycinine en β-conglycinine niet verschilt van die in de mix (SPI), 
geeft dit aan dat peptiden van β-conglycinine de eigenschap hebben om aggregatie van 
glycinine peptiden te remmen.  
In Hoofdstuk 4 zijn verschillende enzymen (bromelaïne, papaïne, trypsine en chymotrypsine) 
gebruik om SPI, glycinine en β-conglycinine te hydrolyseren. Dit werd gedaan om te 
onderzoeken of peptiden, verkregen na gelimiteerde proteolytische hydrolyse van soja 
glycinine, de generieke eigenschap hebben om te aggregeren bij neutrale pH en hoe dit 
afhankelijk is van het gebruikte enzym. SPI, glycinine en β-conglycinine en, als referentie, 
koemelk wei-eiwitten (wei-eiwit isolaat, α-lactalbumine, β-lactoglobuline) werden verhit en 
gehydrolyseerd tot een DH van 2,2 %. De oplosbaarheid van de verkregen hydrolysaten werd 
bestudeerd als een functie van de pH. Naast peptiden van glycinine, verkregen na hydrolyse 
met subtilisine Carlsberg (Hoofdstuk 3), bij neutrale pH, hadden peptiden van glycinine 
verkregen door hydrolyse met chymotrypsine, bromelaïne en papaïne ook een lagere 
oplosbaarheid dan de niet gehydrolyseerde glycinine. Deze daling in oplosbaarheid werd niet 
waargenomen voor glycinine gehydrolyseerd met trypsine, en ook niet voor hydrolysaten van 
SPI, β-conglycinine en de wei-eiwitten. Deze resultaten laten zien dat glycinine, in 
vergelijking met andere eiwitten, een sterke aanleg heeft om te aggregeren na gelimiteerde 
hydrolyse. Omdat chymotrypsine de voorkeur heeft te knippen naast hydrofobe aminozuren, 
die in relatief grote hoeveelheden aanwezig zijn in de hydrofobe gebieden van glycinine, heeft 
dit mogelijk een sterkere blootstelling van hydrofobe groepen tot resultaat. Deze verhoging in 
hydrofobiciteit wordt verondersteld de drijvende kracht te zijn in de aggregaat vorming in 
glycinine hydrolysaten. 
Omdat hydrolysaten verkregen met chymotrypsine resulteerden in vergelijkbare resultaten als 
hydrolysaten verkregen door hydrolyse met subtilisine Carlsberg is voor verdere 
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experimenten chymotrypsine gebruikt. Door de hogere specificiteit van chymotrypsine is het 
aantal te verwachten peptiden gereduceerd. 
Om het begrip van aggregatie van glycinine peptiden te vergroten, wordt in Hoofdstuk 5, 6, 
en 7 een nieuwe methode gepresenteerd. Deze methode heeft als doel de gebieden in soja 
eiwitten te karakteriseren van waar de peptiden afkomstig zijn die sterke aggregerende 
eigenschappen hebben. Om de concentratie van individuele peptiden te bepalen worden in 
Hoofdstuk 5 data gepresenteerd voor de voorspelling van de absorptie van peptiden bij 214 
nm gebaseerd op hun individuele aminozuur sequentie. De molaire extinctiecoëfficiënt van de 
20 aminozuren en de peptide binding werd gemeten bij 214 nm in de aanwezigheid van 
acetonitril en mierenzuur om peptiden kwantitatief te kunnen vergelijken die elueren na 
reversed-phase high-performance-liquid-chromatography als deze eenmaal geïdentificeerd 
zijn met behulp van massaspectrometrie (RP-HPLC-MS). De peptide binding heeft een 
molaire extinctiecoëfficiënt van 923 M-1cm-1, gemeten aan de hand van polylysine. 
Tryptofaan heeft een molaire extinctiecoëfficiënt die ~30 keer hoger is dan die van de peptide 
binding, terwijl de molaire extinctiecoëfficiënt van fenylalanine, tyrosine en histidine ~6 keer 
hoger is die van de peptide binding. Proline heeft als een individueel aminozuur een 
verwaarloosbare molaire extinctiecoëfficiënt. Maar als proline aanwezig is in een peptide 
(behalve aan de N-terminus) absorbeert deze ~3 keer meer dan een peptide binding. 
Methionine heeft een vergelijkbare molaire extinctiecoëfficiënt als die van de peptide binding. 
Alle andere aminozuren hebben een veel lagere molaire extinctiecoëfficiënt. De 
voorspelbaarheid van de molaire extinctiecoëfficiënt van eiwitten en peptiden, berekend op 
basis van de aminozuur samenstelling en het aantal peptide bindingen, werd gevalideerd met 
behulp van verschillende eiwitten en peptiden. De gemeten en berekende molaire 
extinctiecoëfficiënten kwamen vrij goed overeen. Dit laat zien dat het mogelijk is om 
peptiden kwantitatief te analyseren met RP-HPLC-MS. Deze methode maakt het mogelijk om 
alle peptiden die in een hydrolysaat aanwezig zijn te kwantificeren als de sequentie van de 
peptiden bekend is. 
De kwantificering van de peptide concentratie, zoals beschreven in Hoofdstuk 5, is in 
Hoofdstuk 6 gebuikt, waar een nieuwe methode is beschreven, genaamd: accumulative-
quantitative-peptide-mapping. Deze methode is toepasbaar voor systemen waarin peptiden 
van eiwit hydrolysaten specifieke eigenschappen hebben, maar te groot zijn om direct de 
sequentie ervan te bepalen en waarvan het hydrolysaat zo complex is dat het niet direct 
mogelijk is om de peptiden individueel te isoleren en karakteriseren. De aggregerende 
peptiden van soja glycinine zijn hier gebuikt als een casus. De aggregerende peptiden zijn 
geïsoleerd en vervolgens verder afgebroken met trypsine wat resulteerde in peptiden met een 
massa < 5.000 Da hetgeen identificatie mogelijk maakt. De geïsoleerde peptiden zijn eerst 
gefractioneerd met behulp van ion wisseling chromatografie. Vervolgens zijn de verkregen 
fracties geanalyseerd met RP-HPLC-MS in combinatie met MS/MS. De peptiden, met 
bekende sequentie, zijn gekwantificeerd op basis van hun piek oppervlakten van de RP-HPLC 
chromatogrammen gemeten bij 214 nm, gecorrigeerd voor hun individuele molair 
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extinctiecoëfficiënt (Hoofdstuk 5), gevolgd door peptide-mapping. De resultaten laten zien 
dat in complexe systemen, gebaseerd op de beschreven methode, de gebieden in de eiwitten 
van waar de functionele peptiden afkomstig zijn kunnen worden geanalyseerd.  
In Hoofdstuk 7 is de methode van accumulative-quantitative-peptide-mapping toegepast of 
soja glycinine met als doel te identificeren welke gebieden in glycinine de sterkste tendens 
hebben om te aggregeren na enzymatische hydrolyse. 
Trypsine digestie van de aggregerende peptiden, geïsoleerd uit een glycinine hydrolysaat, 
resulteerde in een hydrolysaat waarin 90 % van het eiwit materiaal opgelost was. De 
oplosbare fractie werd gebruikt voor accumulative-quantitative-peptide-mapping. De molaire 
concentratie waarin de vijf glycinine subunits aanwezig zijn in glycinine, bepaald met behulp 
van Edman degradatie, is meegenomen in de analyse. De resultaten laten zien dat vooral de 
basische polypeptide en het deel van de zure polypeptide dicht bij de locatie van de 
zwavelbrug tussen de zure en basische polypeptide aanwezig zijn in de aggregerende peptide 
fractie. Gebaseerd op de resultaten is er een aggregatie mechanisme opgesteld. Het 
mechanisme laat zien dat de hydrofiele zure polypeptide, mogelijk nog steeds verbonden met 
een zwavelbrug aan de basische polypeptide, de hydrofobe basische polypeptide afschermt en 
wordt afgebroken gedurende de hydrolyse. Dit resulteert in een netto toename van de 
hydrofobiciteit van het deels afgebroken, achtergebleven eiwit, welke voornamelijk uit 
peptiden van de basische polypeptide bestaat. Deze toename in hydrofobiciteit is de drijvende 
kracht in de aggregatie van glycinine peptiden na hydrolyse met chymotrypsine. 
Het proefschrift wordt afgesloten met een algemene discussie (Hoofdstuk 8) van de 
belangrijkste resultaten verkregen in dit werk met een speciale aandacht voor het mogelijke 
effect van peptiden om gelering van intact eiwit te veranderen. Tevens wordt ingegaan op de 
verschillen tussen verhit en onverhit eiwit als substraat voor de hydrolyse. 
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