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10.

Stellingen

Voor de koppeling van moleculair werk aan bestaande theorieén voor de vorming van
deeltjesgelen is het noodzakelijk eerst tot een duidelijke definitie van het begrip "deeltje” te
komen.

Het hittedenaturatie mechanisme van glycinine is niet tot in detail opgehelderd omdat in
hittedenaturatie studies meestal geen rekening gehouden is met het feit dat glycinine bestaat

uit een heterogene groep eiwitien (dit proefschrif?).

Indeling van soja-eiwitten op basis van Svedberg sedimentatie coéfliciénten leidt eerder tot
verwarring dan tot begrip.

Gezien de gebruikte experimentele condities (pH, I} is 80% van de artikelen over soja-
ciwitten die gepubliceerd zijn in op levensmiddelen georiénteerde tijdschriften niet direct

toepasbaar op levensmiddelen (dit proefschrifi).

De veelal gebruikte aanduiding "moeilijke eiwitten" voor sojaciwitten gaat wellicht voorbij
aan hun werkelijke functie in de plant,

De classificatie van een eiwit als opslageiwit is vaak gerelateerd aan onbekendheid met de
functie van het eiwit.

De wijze waarop het woord "stelling" is gedefinieerd in de van Dale, nl. "thesis waarop
men, na verdediging aan een universiteit promoveert” is tekenend voor de kioof tussen
universiteit en de rest van de maatschappij.

Het hebben van e¢en chronische bronchitis kan adembenemend zijn.

De onderzoeker die met beide benen op de grond blijft staan komt niet ver.

Net als veel analyse apparatuur functioneren AIO's vaak ook beter in cen passende
temperatuurgecontroleerde ruimte.

Stellingen behorende bij het proefschrift

Heat denaturation of soy glycinin
Structural characteristics in relation to aggregation and gel formation

Catriona M. M. Lakemond
Wageningen, 30 augustus 2001



!
- =l -
NISTOERAS I =0

Catriona M. M. Lakemond

Heat denaturation of soy glycinin

Structural characteristics in relation to aggregation and

gel formation

Proefschrift

ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit
prof. dr. ir. L. Speelman
in het openbaar te verdedigen
op donderdag 30 augustus 2001

des namiddags om vier uur in de Aula

>
A
vl



ISBN: 50-5808-459-0




Abstract

Lakemond, CM.M. Heat denaturation of soy glycinin; structural characteristics in relaticn
to aggregation and gel formation

PhD Thesis Wageningen University, Wageningen, The Netherlands, 2001

key words soy protein; glycinin; thermal stability; pH; ionic strength;
genetic variant; solubility; gelation

The main aim of this thesis was to study structural changes of soy glycinin at different
conditions (pH and ionic strength) during thermal denaturation and their effect on aggregation
and gel formation.

The results show that, generally, glycinin is predominantly present in the 7S form at pH 3.8,
while at pH 7.6 the major component is the 118 form. When, at ambient temperatures, the
ionic strength at pH 7.6 is lowered from 0.5 to (.2 or (.03 the basic polypeptides within the
giycinin molecule shift more to the exterior of the glycinin complex. This structural
reorganisation caused the pH of minimal solubility to shift to higher values. The 7S form,
which is more unfolded than the 115 form, denatures at a lower temperature than the 11§
form. Changes in secondary structure take place simultaneously with denaturation.

While at I = 0.03 the gels were found to be fine stranded, gel coarseness increased when the
ionic strength was higher. At I = 0.03 finer gel network structures were formed at pH 3.8 than
at 7.6, whereas for I = 0.2 and 0.5 the reverse was found. The observed differences in gel
stiffness did not correspond to coarseness, The gel structure was clarified into more detail by
the use of physico-chemical and spectroscopic techniques. The nature of the primary network
particles was different at pH 7.6 (basic polypeptides) than at pH 3.8 (acidic and basic
polypeptides).

The heat denaturation process develops at 1% protein similarly as the heat denaturation
process at 10% protein. However, the final gel structure and strength cannot be predicted from
measurements performed at 1% protein. The heat denaturation mechanisms were not solved
into more detail due to the fact that the genetic variants of glycinin differ in thermostability. It
was found that the denaturation temperatures of these variants increase in the order
G1/G2/G3/< A4<G5<G4.
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Introduction

Chapter 1
Introduction

1 Soy

Soybeans are an important agricultural crop. In the year 2000 the global soy production was
estimated at 150 million tons (Liu, 2000). The major producers are the USA (50%), Brazil
{18%), China (12%) and Argentina (9%) (Liu, 1997).

It is widely believed that the soybean originated in China around 4000-5000 vears ago (Liu,
1997). Soybean production and utilisation as food arose in China no later than the 11™ century
B.C. (Hymowitz, 1970). Soybeans were first introduced to Europe in 1712. Soybeans have
favourable agronomic characteristics, including a good capability to grow on a wide range of
soil and an adaptability to fix nitrogen, which makes the soybean a good rotational crop for
use together with high nitrogen consuming crops, such as corn and rice (Liu, 1997).
Furthermore, soybeans are an economically interesting agricultural product because of their
chemical composition. On an average dry matter base, soybeans contain about 40% protein
and 20% oil. With this composition, soybeans have the highest protein content among all the
food crops and second highest oil content of all food legumes. Soy oil contains a high
proportion of unsaturated fatty acids (e.g. linoleic and linolenic acids) which are generally
considered to be healthier than saturated fatty acids. Soy proteins contain all the essential
amino acids, which are present in amounts that closely match those required for humans,
except for methionine and cysteine. When evaluated by the method known as the Protein
Digestibility Corrected Amino Acid Score (PDCAAS), that is based on human amino-acid
needs and the digestibility of the protein, the nutritional quality of soy protein isolate is the
same as that of beef (PDCAAS = 0,92) (Liu, 1997).

2 Soy applications in food

For thousands of years the inhabitants of oriental countries have consumed soybeans in
various forms of traditional foods, such as tofu, soy sauce, tempe, miso etc. In contrast, in the
Western world most of the soybeans are converted into oil and defatted meal. Although
soybean oil is produced almost entirely for human consumption, soy meal is mainly used as
animal feed. Only a small portion of the defatted meal is processed into soy protein products,

such as soy protein isolate and soy protein concentrate, They are not directly consumed as
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food but are applied as an ingredient in numerous food systems, including bakery, dairy,
meat, breakfast, cereal, beverages, infant formula, and dairy and meat analogues (Liu, 1997).
Based on their nutritional properties soy proteins are often used to replace (expensive) animal
protein in food products. They can also be used for obtaining certain functional properties,
including gelling, emulsifying, water holding and fat absorbing properties. Depending on the
specific food product different functional properties are needed. A key constraint limiting soy
use as food is the characteristic beany or greeny flavour that is associated with soybean
products. This flavour is particularly problematic to Western consumers, who are
unaccustomed to it. A key factor in the development of beany flavour in soy products is the
presence of lipoxygenases. Other constraints include the oxidative instability of soy oil, lack
of certain functional properties of soy protein products, and the presence of several anti-
nutritional factors. However, the proteineceous anti-nutritional factors can be inactivated
mostly by giving a proper heat treatment (Liu, 2000).

Among the many soy components examined, soy protein (isolate) and isoflavones are the
most promising compounds with regard to their health benefits (Anderson et al., 1995;
Messina, 1999). Epidemiological studies have indicated that populations that consume
soyfoods generally have lower incidences of breast, colon and prostate cancers, osteoporosis
and menopausal symptoms (Anderson et al., 1995, Barnes, 1998; Messina, 1999) than
populations in which soyfoods are not common. The US Food and Drug Administration
approved a health claim in 1999 for soy protein. The approval allows food products which
contain 6.25 g of soy protein per serving to carry the claim that soy based protein, combined
with a diet that is low in saturated fat and dietary cholesterol, may reduce the risk of heart
disease. These findings about the health benefits of soy have improved the image of soy as a
food, and increased consumer interest in soyfoods and soy enriched foods. Nowadays, the
soyfood market is one of the fastest growing categories in the food industry (Liu, 2000).

3 Soy proteins

The soybean consists of about 40% of protein. The protein fraction can be divided into three
groups: 1) the proteins involved in metabolism 2) the structural proteins (ribosomal,
chromosomal, and membrane proteins) and 3) storage proteins, which include approximately
80-90% of the total soybean protein content (Liu, 1997). When a protein is present in amount
of 5% or more of the total protein fraction it is generally defined as a storage protein
(Derbyshire et al., 1976). However, we would define storage proteins as proteins that do not
have any significant enzymatic activity or other biological function except as being source of
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nutrition during germination. These soy storage proteins are globulins (salt soluble at neutral
pH), and they precipitate at pH 4.5 to 4.8, for which they are often called acid-precipitable
proteins (Liu, 1997). The storage proteins were first characterised by Osbomne and Campbell
(in 1889), who believed that the soybean contained one major globulin component, which
they named glycinin. Later it was demonstrated that this globular component was
heterogeneous and consisted of four components, which were denoted 28, 78, 118, and 15 §,
as derived from ultracentrifugal analysis (Naismith, 1955; Wolf and Briggs, 1956). This
nomenclature, based on sedimentation constants, is still being used throughout literature. 1t is,
however, insufficient since, in fact, these sedimentation constants as well as the separation
patterns of the different fractions depend largely on the type of buffer used, the pH, ete.
Another system frequently used in literature is one that is based on immunological methods to
differ between proteins. Immunologically soybean globulins can be separated into glycinin, §3-
conglycinin, y-conglycinin and o-conglycinin. Under conditions used often in literature (I =
0.5 pH 7.6) the 28 fraction consists of the Bowman Birk- (BBI) and Kunitz trypsin inhibitor
{KSTI), cytochrome C and a-conglycinin (Catsimpoolas and Ekenstam, 1969; Wolf, 1970).
The 7S component consists mainly of -conglycinin, but also y-conglycinin and basic 7S
globulin are part of the 7S fraction under standard conditions (Wolf, 1970). The 11S fraction
consists at T= 0.5 and pH 7.6 of glycinin (Wolf, 1970) and the 15 S fraction of polymers of
glycinin (Wolf and Nelsen, 1996).

Several studies have been performed to examine the distribution of protein over the different
fractions (e.g. Naismith, 1955; Wolf and Briggs, 1956; Wolf et al., 1962; Saio et al., 1969,
Thanh and Shibasaki, 1976; Hughes and Murphy, 1983; Murphy and Resurreccion, 1984;
Sato et al., 1986; Iwabuchi and Yamauchi, 1987). The litcrature data shows comsiderable
variation in the 115 and 7S content of soybeans. It has been found that this variation can be
(partly) explained by genetic differences between the soybean varieties (Saio et al,, 1969,
Hughes and Murphy, 1983; Murphy and Resurreccion, 1984) and the method of
determination (Saio et al., 1969, It was also found that the environmental conditions
influence the 11S content within one variety (Murphy and Resurreccion, 1984). Table 1 gives
an overview about the distribution of protein over the different fractions.
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Table 1 Storage protein composition of soybeans obtained

densitometrical (D) or immunological (I} methods.

by ultracentrifugational (U},

Reference method 25 (%) 78 (%) 11S(%) 158 (%)
Wolf et al. (1962) u 22 37 31 11
Saio et al, (1969) u 13-18' 30.46' 36-53' 0-4'
Thanh and Shibasaki (1976) U 16 52 31 1
Saio et al. (1969) D 38-50" 50-621

Hughes and Murphy (1983} D nd. 31-38!

Sato et al. (1986) D 3 37 37

Murphy and Resurreccion (1984) I 17-21" 47- 57

Iwabuchi and Yamauchi (1987) I 23 32

Walues depend on soybean variety; * Value for KSTI only
For densitometrical and immunological determination: 78 is equivalent to §-conglyeinin and 118 to glycinin

The minor proteins in soybeans include monophosphatase, phophodiesterase, calmodulin, o-
galactosidase, lactate dehydrogenase, lipoxygenase and [B-amylase. Also lectins or
agglutinins are present in soybeans. Furthermore a polygalacturonase-inhibiting protein,

metallothionein, urcase and B-glucosides are detected in soybean (Garcia et al., 1997).
4 Soy glycinin

Fischer and Goldberg (1982) described three glycinin genes (Gl - G3) and Scallon et al.
(1985) reported the existence of two additional genes (G4 and GS5). The five genes have
diverged into two subfamilies that are designated as Group I and Group II glycinin genes
(Nielsen, 1984). The different genetic variants of glycinin are also referred to as "subunits".
The sequence identity in each group is about 80% and that between groups is about 45%
(Adachi et al., 2001). The molecular weight is lower for group I subunits than for group 1I
subunits {Utsumi et al., 1997). The different glycinin subunits were identified on the basis of
their amino acid sequences (Moreira et al., 1979; Moreira et al., 1981; Staswick et al., 1981;
Staswick et al., 1984a). Each subunit consists of an acidic and a basic polypeptide (Staswick
et al., 1981), linked by a single disulfide bridge (Staswick et al., 1984b), except for the acidic
polypeptide A, that is present in G4 (Staswick et al,, 1981). The two polypeptide chains result
from posttranslational cleavage of proglycinin precﬁrsors (Tumer et al., 1981}. An overview
of the constituents of glycinin is given in Figure 1. In literature also the labels A;.Byp (e.8.
Utsumi et al. 1997) or A,B, (e.g. Utsumi et al., 19872a) are used for G1 and A;,B; for G3 (e.g.
Utsumi et al., 1997). The molecular weights given in Figure 1 are calculated from the DNA
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sequence of the different glycinin genes. The caleulated molecular weights vary for the acidic
polypeptides from 31.5 to 36.4 kDa (except for As). However, using electrophoretic methods
the molecular weight of the acidic polypeptides is around 38 kDa (e.g. Staswick et al, 1981).
For the basic polypeptides similar molecular weights are found when using both techniques.
Figure 2 gives an overview of the proposed positions of disulfide bonds and frec cysteine
residues int glycinin subunits,

subunits @

[ 1

1 J
‘ Ala B2 I A2 Bla
polypeptides |35 6 yna Lzo,o Da |31‘5 sz‘ Ls.a kDaJ

Figure 1 The constituents of the sov protein glycinin. Also the labels A,,By; or A|,B, are used for G1

and ApB; for G3. The molecular weights (exclusive signal and propeptides) are calculated from the
amino acid sequences as derived from the DNA sequence of the five different glycinin genes (based
on Scallon et al. (1987); Nielsen et al. (1989); Sims and Goldberg (1989); Thanh et al. (1989); Cho
and Nielsen (1989)).

G3

G4

G5

Figure 2 Schematic representation of the proposed positions of disulfide bonds and free cysteine
residues in glycinin subunits. Cysteine residues are designated by C. The number of residues from the
N-terminus is indicated (in parentheses the number of residues from the N-terminus is indicated).

Open and black areas are the acidic and basic polypeptides, respectively (Utsumi et al., 1997),

For glycinin it is known that pH and ionic strength influence glycinin quaternary structure. At
neutral pH and ionjc strengths above 0.35 glycinin sediments as a single, well-defined peak of
approximately 118 in the ultracentrifuge (Wolf and Briggs, 1958). The molecular weight of



Chapter 1

glycinin has been investigated by a varicty of techniques and is most often reported to be
320.000-360.000 Da (Derbyshire et al., 1976; Iyengar and Ravestein, 1981), corresponding to
the 115 or hexameric form). At ionic strengths below 0.01 and neutral pH a small amount of
the 118 dissociates into a 7S (trimer) and a 38 form (monomer}. Readjustment to higher ionic
strength results in the conversion of the 78 form into the 115 form, but 38 form is not
converted into the 11S form. Dissociation into a 7S and a 3S form has also been found at
pH<3.8 (Wolf and Briggs, 1958). The 7S form has a more non-structured conformation at a
secondary level than the 118 form (Utsumi et al., 1987b).

Badley et al. (1975) proposed a model for the 118 form of glycinin, in which 115 glycinin
consists of six acidic polypeptides and six basic polypeptides. These twelve polypeptides are
packed into identical hexagons placed one on the other, yielding a hollow oblate cylinder
(Figure 3). Badley et al. (1975) could not postulate anything directly about the relative
arrangements of the acidic and basic polypeptides, since the resolution of the electron

micrographs was too low.

Yikw FROM £

v

Figure 3 Schematic representation of 118 glycinin (Badley et al., 1975).

The overall structure of proteins can be solved by crystallography if it is possible to ¢crystallise
the protein, The crystal structure of a protein gives information about its (primary), secondary,
tertiary and quaternary structure of a protein. The primary structure is the covalent structure,
which is defined by the amino-acid sequence and any post-transitional covalent modifications.
The secondary structure refers to regular local structures of lincar segments of polypeptide
chains. Generally, three defined types of secondary folding are present in proteins, which are
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o-helix, P-sheet, and B-turn. The tertiary structure is the overall topology of the folded
polypeptide chain. The quaternary structure of a protein refers to polypeptide-polypeptide
interactions. With regard to quaternary structure, however, there is often uncertainty about
whether interactions between protein molecules present in a crystal lattice are relevant to the
protein structure and/or to the crystallisation process (Creighton, 1993). No crystallographic
information on glycinin is available since the crystallisation is hampered by the heterogeneity
of subunits (Lawrence et al., 1994; Adachi et al., 2001). On the basis of aming acid sequence
alignment it is predicted that the 11S family is related evolutionary to the 7S family. Until
now the crystal structures of two 7S globulins, canavalin from Jack Beans (Ko et al., 1993;
Ko et al., 2000) and phaseolin from Kidney Beans (Lawrence et al., 1990; Lawrence et al.,
1994) have been reported. Recently, Adachi et al. (2001) determined the crystal structure of
proglycinin G1, which is a precursor of the glycinin G1 subunit. This subunit was expressed
in Escherichia coli to obtain a homogeneous glycinin. A trimeric molecule was found in an
asymmetric unit of crystals. The constituent protomers are arranged around a 3-fold symmetry
axis with dimensions of 95A x 95A x 40A. The core of the protomer consists of two jellyroll
B-barrels and two extended helix domains. This structure of proglycinin is similar to those of
canavalin and phaseolin belonging to the 7S globulin family, strongly supporting the
hypothesis that both 7S and 118 globulins are derived from a common ancestor. The crystal
structure of 78 globulin is given in Figure 4 (Lawrence et al., 1994).

Figure 4 The crystal structure of the 7S globulin (Lawrence et al., 1994). Based on sequence
alignment with glycinin the position of the acidic (black) and basic polypeptides (grey) were

estimated.
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Crystallography is a highly time consuming technique. Alternative techniques are applied
widely to study structural properties of proteins. For examining structural properties under a
variety of conditions these methods are better suitable than crystallography. In this thesis, for
determining secondary structure we used IR spectroscopy and far-UV Circular Dichroism
(CD). Tertiary structure was studied by fluorescence spectroscopy (excitation of tryptophan
residues) and near-UV CD, whereas changes in quaternary structure were followed by gel

permeation chromatography (GPC) and ultracentrifugational analysis in sucrose gradients.

5 Heat denaturation; Aggregation and gel formation

As stated above soy proteins are used in many food products. Foods that contain soy proteins
are like most foods subjected to some form of heat treatment (e.g. pasteurisation, sterilisation)
during processing to obtain (1) a certain shelf life, (2) an inactivation of proteineceous anti-
nutritional properties, and (3) functional properties. In indusirial processes the effects of
heating on functional properties are not well undetstood. The method of "Trial and Error" is
often used to obtain the desired functional property. This means that the effect of each change
in processing conditions needs to be evaluated in view of the functional properties. The term
"functionality" as applied to food ingredients has been defined as any property besides
nutritional attributes that influences an ingredient's usefulness in foods (Boye et al., 1997).
Functional properties of a protein are related to the physical, chemical and conformational
properties, which include e.g. size, shape, amino-acid composition and sequence, and charge
distribution (Boye et al., 1997). A better understanding of the effects of heating on protein
structure and how these structural changes are related to functional properties will enable the
development of new products with predictable functional properties.

Heat treatment is the most important food-processing operation that contributes to protein
structural changes, but also variations in pH can induce these changes. Heat treatment of
globular proteins in solvent increases their thermal motion, leading to rupture of various
intermolecular and intramolecular bonds that stabilise the native protein structure. This results
in hydrophobic amino acid residues becoming exposed to the solvent and a reorganisation of
the protein structure (Boye et al.,, 1997). Therefore, denaturation of food proteins has been
defined as a process in which the spatial arrangement of polypeptide chains within the
molecule has been changed from that typical of the native protein to a more disordered
arrangement (Kauzmann, 1959), Protein denaturation can be defined, more specifically, as

any modification in conformation (secondary, tertiary or quaternary) not accompanied by the
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rupture of peptide bonds involved in the primary structure (Tanford, 1968). Various levels of
denaturation can be distinguished according to whether the secondary, tertiary, or quaternary
structure of the protein is involved in the process. Depending on the protein and conditions,
denaturation may be confined to a region of the protein or may involve the complete molecule
(Tanford, 1968). The amount of ordered structure within the protein molecule generally
decreases after thenmal denaturation (Boye et al., 1997). Unfolded molecules associate to
form aggregates of irreversibly denatured molecules, which may lead to extended
aggregation, precipitation and gelatine (Utsumi et al., 1997). The formation of the network or
aggregate/precipitate arises from a combination of covalent bonds and non-covalent bonds.
The main types of covalent bonds that can be formed are the disulfide bonds of cysteine
residues. These bonds stabilise the structure of many proteins and are stronger than non-
covalent interactions. The main types of non-covalent bonds include hydrogen bonds,
electrostatic bonds and hydrophobic interactions. Electrostatic bonds may be stronger than
other non-covalent bonds, but their existence is determined by the pH and the salt
concentration (I = ionic strength) (Oakenfull et al., 1997). The formation of a thermally

induced gel matrix or coagulum from proteins involves the following events (Figure 5):

Extended aggregates

(soluble or insoluble)
Denaturation —® Aggregation

Gel formation

Figure 5 Formation of thermally induced protein aggregates or gels (modified from Utsumi et al.,
1997).

Denaturation is often a prerequisite for the formation of protein aggregates or gels. Thermal
aggregation (coagulation) is defined as the random interaction of protein molecules by heat
treatment, leading to formation of aggregates that could be either soluble or insoluble
(Hermansson, 1978). Thermal gelation on the other hand refers to the formation of a three
dimensional network exhibiting a certain degree of order (Kilara and Sharkasi, 1986). A gel is
semi-solid; it has a rigidity but it deforms under stress. Being visoclastic, a gel has both solid
like and liquid like rheological properties (Oakenfull et al., 1997). For globular proteins
generally two different types of gel networks can be distinguished, fine stranded and coarse
networks, but intermediate structures have also been reported (Tombs, 1974). In fine stranded
networks the proteins are attached to each other like a string of beads. This type of gel is
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usually transparent, indicating that the protein aggregates within the gel are smaller than about

50 nm. Coarse networks are non-transparent and are thought to be formed by random

aggregation of proteins into clusters, which aggregate to thick strands. When the network
structure becomes more coarse, the ability of the gels to retain water decreases (Hermansson,
1986).

6 Aggregation and gel formation of soy proteins

In recent decades, considerable information about the structural properties of soy proteins at
the primary, secondary and tertiary and quaternary structural levels has been accumulated.
The basic mechanisms involved in aggregation and gelation properties are becoming well-
understood (Utsumi et al., 1997),

Denaturation of glycinin is affected when pH, ionic strength or protein concentration are
modulated. For analysing thermal denaturation of glycinin the heating temperature should be
chosen carefully, such that it is the same as the thermal denaturation temperature under the
conditions used, Mori et al. (1981) proposed an overall scheme of heat induced changes in
glycinin at I = 0.5 and pH 7.6 as shown in Figure 6. In step | glycinin aggregates (8 x 10° Da)
are formed when glycinin solution is heated both at low and high protein concentrations, On
subsequent heating at low protein concentrations, the soluble aggregate disaggregates to
acidic and basic polypeptides (step 2"), while at high protein concentrations it undergoes
association resulting in gel formation (step 2). Although the formation of network structure is
completed by step 2, the stabilisation of network structure through further formation of non-
covalent bonding and disulfide cross-links by subsequent heating (step 3) proceeds.

low concentrafion Acidic polypeptides (soluble)
: 2 Basic polypeptides (insoluble)
Glycinin — Soluble aggregate

(8x10°Da) >

3
high concentration Macro-aggregate ——p Gel
(soluble)

Figure 6 Overall scheme of thermal change of glycinin at pH 7.6 and 0.5 ionic strength (Mori et al.,
1981).

10
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The soluble aggregates and gel network have been visualised by transmission electron
microscopy to understand the mechanism of network formation in the thermal gelation
process of glycinin (Nakamura et al., 1984b). Based on these results they proposed a string of
beads model for glycinin at [ = 0.5 and pH 7.6 in which the 115 molecules associate to form a
linear string (Figure 7). In this model a "bead” corresponds to the 11S form of glycinin. A
brief description of the proposed scheme is as follows: (1) Within a short time of heating
{about 15 seconds) short strands consisting of about six beads are formed (Strand I); (2)
Strand T associates with itself to form straight strands (strand II); (3) Strand II associates with
itself or with strand 1 to form both branched and unbranched strands (strand I1I). The gel
network could then form from these strand III units. Hermansson (1985) also proposed a
string of beads model for glycinin gelation by a process similar to that described above, with
exception of the mechanism that triggers association. Hermansson suggested that the glycinin
118 form dissociates into constituent subunits and reassembles into a glycinin form with the

formation of gels.

i
Qg0 S
() o
Untoided, suitl Segnd 112 b
glabelsr glyginia
t

- .

Strand [§
Strand |

Figure 7 Schematic representation of formation of soluble aggregates in the course of gelation of

glycinin. The o and { indicate acidic and basic polypeptides, respectively (Nakamura et al., 1984b).

Although some models considening glycinin aggregation and gel formation have been
postulated, no attention has been given to the heterogeneity in glycinin subunits (genetic
variants). It is known that each glycinin subunit exhibits different behaviour on heating (Mori
et al, 1982, Nakamura et al., 1985). This means that glycinins having different subunit
compositions exhibit distinguishable functional properties. In fact, also glycinins from

different cultivars differ in their functional properties (Nakamura et al., 1984a).

11
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7 Aim

Despite all research performed on soy proteins in the last decades, much is still unknown
about the relationship between the molecular structure of soy proteins and their functional
properties. In this work we studied to which extent differences in glycinin structure lead to
variations in functional properties (solubility and gel formation). Furthermore, in this study
the effect of pH and ionic strength was examined over a range covering conditions ofien
studied in literature (I = 0.5 pH 7.6) and those which are more representative for food (I =
0.02-0.2, pH 3-7).

8 Outline

Chapter 2 describes the relationship between the solubility of glycinin and its structural
properties at a quaternary, tertiary and secondary folding level under conditions representative
for food products at ambient temperatures. Chapter 3 describes heat denaturation of glycinin
(1%). It was studied how the structural properties of glycinin at ambient temperatures relate to
denaturation temperatures, structural characteristics and solubility. In Chapter 4 glycinin was
heat denatured at a protein concentration of 10%. In this chapter we report on glycinin gel
formation, the resulting gel structure and its molecular basis at different pH values and ionic
strengths. Rheological, microscopic, physico-chemical and spectroscopic techniques were
used. The latter two are non-traditional techniques for studying gel structure. In Chapter 5 it is
studied if the different genetic variants of glycinin display a different thermostability, since it
is known from literature that the proportions of genetic variants of glycinin could determine
the functional properties. Chapter 6 deals with the effect of pH on the gel forming propertics
of both a soy protein isolate and purified glycinin in relation to denaturation and aggregation.

In Chapter 7 the results obtained in the previous chapters are discussed.
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Soy glycinin; solubility and molecular structure at ambient temperatures

Chapter 2 :
Soy glycinin; influence of pH and ionic strength on solubility and

molecular structure at ambient temperatures !

Abstract

This study describes the relationship between the solubility of glycinin, a major soy protein,
and its structural properties at a quaternary, tertiary and secondary folding level under
conditions representative for food products. When the ionic strength is lowered from 0.5 to
0.2 or 0.03, the basic polypeptides shift more to the exterior of the glycinin complex, as
determined at pH 7.6 by labelling solvent-exposed lysines, supported by the study of the
proteolytic action of clostripain on glycinin. This structural reorganisation caused the pH of
minimal solubility to shift to higher values. Ultracentrifugational analysis shows that at pH
7.6 and an ionic strength of 0.5 glycinin forms hexameric complexes (118}, whereas at pH 3.8
and at an ionic strength of 0.03 glycinin exists as trimers (78). Intermediate situations are
obtained by modulation of pH and ionic strength. The observed quaternary dissociation
correlates with an increased amount of non-structured protein at a secondary level and with
changes in tertiary folding as determined using circular dichroism. Tryptophan fluorescence
shows no significant structural changes for different ionic strengths but demonstrates a more
tightly packed fluorophore environment when the pH is lowered from 7.6 to 3.8.

key words: soy; glycinin; solubility; pH, ionic strength; protein structure

! This Chapter has been published as Lakemond, C. M. M.; de Jongh, H. H. I.; Hessing, M.; Gruppen, H.;
Voragen, A. G. J. Soy glycinin: Influence of pH and ionic strength on solubility and molecular structure at
ambient temperatures. J. Agric. Food Chem. 2000, 6, 1985-1990.
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1 Introduction

Soy proteins are applied in a wide range of food products. Despite all of the research
performed in the past decades much is still unknown about the behaviour of soy proteins at a
molecular level under conditions present in food. Generally, the pH of food products ranges
from pH 3 to 7, and the ionic strength varies from 0.02 to .2, whereas the majority of soy
protein studies have been carried out at pH 7.6 at an ionic strength of 0.5, as it is known that
soy proteins are soluble under these conditions. Furthermore, it is known that lowering the
ionic strength and pH affects soy protein structure, which in some cases seems to be related to
changes in the functional behaviour in food, such as solubility (Peng et al.,, 1984). Good
protein solubility generally correlates with “optimum™ gelation, emulsifying, and foaming
activity (see, for example, Kinsella (1979)).

This research focuses on glycinin, a major storage protein in soybeans. Glycinin represents ca.
30% of total protein in soybeans. Tt is composed of an acidic (ca. 38 kDa) and a basic
polypeptide (ca. 20 kDa) (Staswick et al., 1981) linked by a single disulfide bridge, except for
the acidic polypeptide A4 (Staswick et al., 1984). Each pair of acidic and basic polypeptides is
encoded by a single gene and cleaved post-translationally (Tumer et al., 1981). The solubility
of glycinin in dilute Tris buffer is minimal around pH 5.5 according to Thanh and Shibasaki
(1976) and from pH 4.3 to 6.0 according to Yagasaki et al. (1997). Furthermore, it is known
that the solubility of glycinin depends strongly on ionic sirength (Eldridge and Wolf, 1967,
Thanh and Shibasaki, 1976; Yagasaki et al., 1997). It has been shown that pH and ionic
strength can also influence glycinin molecular structure. At pH 7.6 and at an ionic strength of
0.5 glycinin is mainly present in a hexameric form of 360 kDa with a sedimentation
coefficient of 11S (Badley et al., 1975). Lowering the ionic strength to 0.01 at pH 7.6 causes
glycinin to dissociate from the 11S form mainly into the 78 form (Wolf and Brigs, 19358;
Utsumi ¢t al., 1987), believed to be the trimeric form, which has a more non-structured
conformation (Utsumi et al., 1987). Wolf et al. (1958} found that at pH 3.8-2.2 the glycinin
complex is present in the 7S and/or 3§ form. Tertiary unfolding (Catsimpoolas et al., 1969;
Koshiyama, 1972) and secondary unfolding (Koshiyama, 1972) at low pH’s (<3) also have
been reported.

This work presents a detailed description of the influence of both the ionic strength and the
pH on glycinin in a detailed way at all different protein structural levels under conditions

relevant for food products.
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2  Materials and methods

2.1 Isolation of glycinin

Glycinin was purified from Williams 82 soybeans (harvest 1994). Broken soybeans were
milled into particles with a diameter of 0.5 mm. The milling was performed in the presence of
solid CO, (volume ratic soybean : CO, = 2 : 1) to prevent heat denaturation of soy protein.
After defatting with hexane at 20 °C glycinin was extracted and purified according to the
method of Thanh and Shibasaki (1976), except that the purification procedure was performed
at 20 °C. The purified glycinin {(in 35 mM potassium phosphate buffer pH 7.6 with 0.4 M
NaCl and 10 mM 2-mercaptoethanol) was stored at — 20°C at 12 mg/ml. The purity of
glycinin was determined by SDS-PAGE under reducing and non-reducing conditions using
10-15% gradient-gels in a Pharmacia Phast System according to the instructions of the
manufacturer. The protein bands were stained using Coomassie Brilliant Blue. Glycinin purity
was estimated to be above 95% by densitometric analysis of the gel.

Prior to each experiment, the purified glycinin was dialysed (Visking 8/32 tubings, Medicell,
London, U.K.) at 20 °C against pH 7.6 buffers of the desired ionic strength. The I = 0.5 buffer
consisted of 35 mM potassium phosphate and 0.4 M NaCl, the I = 0.2 buffer of 35 mM
potassium phosphate and 0.1 M NaCl, and the I = 0.03 buffer of 10 mM potassium phosphate.
For experiments carried out at pH 3.8 and 5.2, the pH of the sample was subsequently
adjusted using HCL. Consequently, for pH 3.8 the ionic strength was increased by about 0.015
M for I = 0.5 and 0.2 and by 0.008 M for T = 0.03, on the basis of the amount of HCI needed
to lower the pH to 3.8.

2.2 Determination of solubility

The pH of glycinin solutions (0.6 mg/ml) in pH 7.6 buffer at [ = 0.5, 0.2, or 0.03 was lowered
by adding different amounts of HCI stock solutions (0.05-5 M) to obtain final pH values
ranging from 7.6 to 2.5 with approximately 0.2 pH unit intervals. After incubation of the
glycinin samples for 16 hours at 20 °C the samples were centrifuged for 5 min at 15,800 g and
20 °C (precipitate consists of particles larger than approximately 0.5 pm as was determined
using the Stokes equation). The protein concentration of the supernatants was determined in
triplicate using the Bradford assay (Bradford, 1976) using BSA as a standard. Prolonged
incubation of the samples for 16 hours at 20 °C did not result in any proteolytic digestion of
the material at any of the conditions studied as analysed by SDS-PAGE (results not shown).
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2.3 TFluorescein Isothiocyanate (FITC)-labelling

Labelling experiments of glycinin were performed at pH 7.6 only, because at acidic pH
(FITC) is not reactive to g-amino groups (Stark, 1970). It has been reported that the surface
SH content of glycinin depends on the method of glycinin preparation (Wolf, 1993). For our
material no free SH groups could be detected at pH 7.6 {unpublished results) using the Ellman
reagent (Ellman, 1959).

FITC {Fluka, 46950) was dissolved in the appropriate butfer (I = 0.5, 0.2, and 0.03 at pH 7.6)
containing 10% ethanol. The FITC solution was incubated with the glycinin solutions (12
mg/ml) in a molar ratio of 1:4.2 (volume ratio = 1:10) during 16 hours at 20 °C. Next,
cysteine was added to the mixture (molar ratio of glycinin/cysteine = 1:12.5) to quench the
reaction. After 2 hours the solution wag dialysed (Visking 8/32 tubings) against the
appropriate buffer to isolate the labelled glycinin. Next, the labelled glycinin samples were
denatured in a 10 mM potassium phosphate buffer (pH 6.6) containing 6 M urea and 20 mM
2-mercaptoethanol to dissociate the acidic and basic polypeptides. The denatured samples
were applied onto an HPLC system (Specira Physics, San Jose, USA) using a mono Q 5/5
column (Pharmacia Biotech, Uppsala, Sweden) and eluted at 1 ml/min. The basic
polypeptides (no contamination with acidic polypeptides) were eluted with the buffer
mentioned above. The fraction bound to the column (the acidic polypeptides; containing <
5% basic polypeptides) was eluted by adding 1 M NaCl to the elution buffer. The absorbance
at 280 nm (Azg) (SpectraSYSTEM UV 3000} and fluorescence (Spectra SYSTEM FL3000;
excitation at 493 nm and emission at 522 nm} were detected simultaneously. Measurements
were carried out in a range in which fluorescence intensity depended linearly on protein
concentration {data not shown). The absorbance at 280 nm (A,g) was corrected for the
expected difference in molar extinction coefticient between the acidic and basic polypeptides
(factor = 1.8). This factor was based on the average amount of aromatic amine acids of the
basic and acidic polypeptides as was calculated from the amino acid composition of the
different glycinin isoforms (Scallon et al., 1987; Nielsen et al., 1989; Sims and Goldberg,
1989; Thanh et al., 1989; Cho and Nielsen, 1989). The fluorescence signal of the basic
polypeptides was multiplied by a factor of 2.5 because the basic polypeptides possess less
reactive groups than the acidic ones. The factor of 2.5 was based on the amount of lysine
present in the acidic and basic polypeptides (Scallon et al., 1987; Nielsen et al., 1989; Sims
and Goldberg, 1989; Thanh et al., 1989; Cho and Nielsen, 1989), as arginine is not expected
to be labelled significantly at pH 7.6 because of its pK, of about 11. The ratio between the
corrected fluorescence integrated peak area of acidic and basic polypeptides and the
corresponding corrected integrated ahsorbance at 280 nm was used as a measure for the
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relative exposure of the acidic and basic polypeptides under the different conditions. This
ratio will be referred to as “the relative exposure”. All experiments were carried out in

duplicate.

2.4 Proteolytic digestion

Clostripain (Sigma, C7403) was dissolved in the appropriate buffer (I=10.5, 0.2, or 0.03 at
pH 7.6). Ten microliters of enzyme solution (0.01 mg/ml) was reacted with 100 pl glycinin
samples (4 mg/ml) in buffers with 0.5, 0.2, and 0.03 ionic strengths at pH 7.6 in the presence
of 1 mM CaCl, for 30 min at 30 °C. Afier the addition of EDTA (molar ratio EDTA/Ca®* =
10 :1), the samples were analysed by reduced SDS-PAGE (12% polyacrylamide gels) using
the Mini-PROTEAN II system (Bio-Rad, Hercules, California, USA) according to the
instructions of the manufacturer using Coomassie Brilliant Blue for staining. The amount of
digested acidic and basic polypeptides was calculated by quantification of the protein bands

by densitometric analysis.

2.5 Ultracentrifugation experiments

To determine sedimentation coefficients of the glycinin samples, 5% - 20% sucrose step
gradients (four steps; 12 ml total volume)} were prepared in buffers with [ = 0.5, 0.2, and 0.03
at both pH 7.6 and 3.8. Prior to the experiments the gradients were allowed to diffuse to
linearity during 24 hours at 4 °C. Glycinin samples (0.3 ml, 4 mg/ml) in I = 0.5, 0.2, and 0.03
buffers at pH 7.6 and 3.8 were loaded on top of the gradient. Next, the tubes were centrifuged
in a2 Beckman L60 centrifuge at 186,000 g (at ru.) for 16 hours at 20 °C. Afier
ultracentrifugation, the gradient was fractionated in 0.5 ml aliquots of which the absorbance at
280 nm was measured. The experiments were performed in duplicate. Svedberg (S)-values
were estimated after calibration of the gradient using proteins with known S values (11.2 S for
v-globulin, 78 for katalase, 4.48 for BSA, 2.58 for trypsin, and 1,788 for ribonuclease).

2.6 Fluorescence spectroscopy

Fluorescence spectra of 0.2 mg/ml glycinin samples in pH 7.6 and 3.8 buffers at different
ionic strengths (0.5, 0.2, and 0.03) were recorded on a Perkin-Elmer luminescence
spectrometer LS 50 B at 20 °C. Excitation was at 295 nm, and the emission spectrum was
recorded as the average of three spectra from 300 to 450 nm using a scan speed of 50 nm/min

and a resolution of 0.5 nm. Both the excitation and emission slit were set at 2.5 nm.
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2.7 Circular dichroism spectroscopy

Far- and near-UV CD spectra of 0.6 and 1.2 mg/ml glycinin samples, respectively, were
recorded at a Jasco J-715 spectropolarimeter (Jasco Corp., Japan) in 0.5, 0.2, and 0.03 ionic
strengths at pH 7.6 and 3.8 at 20 °C. For near-UV CD measurements quartz cells with a path
length of 10 mm were used, whereas for far-UV CD measurements quartz cells with a path
length of 0.2 mm were used. The scan interval for near-UV CD was 350-250 nm and for far-
UV CD measurements, 260-190 nm. Spectra were recorded as averages of 25 spectra using a
scan speed of 100 nm/min, a bandwidth of | nm, a response time of 64 ms, and a step

resolution of 0.5 nm.

3 Results

3.1 Solubility of glyeinin

Although many studies on soy protein have been performed at pH 7.6 and I = 0.5, this
investigation was aimed at measuring changes in the solubility of glycinin when the ionic
strength and pH were lowered to conditions more representative for food products. From
Figure 1 it can be seen that glycinin solubility at 20 °C depends strongly on ionic strength and
pH. At 1= 0.5 and pH 7.6 all glycinin is soluble (100%), but the solubility gradually decreases
from 100 to 30% when the pH is lowered from 6.5 to 2.5. The precipitation of glycinin below
pH 3.8 is not instantaneous but requires several hours of incubation. At ionic strengths of 0.2
and 0.03 the solubility profiles show one minimum; at I = 0.2 about 95% of the protein
precipitates in the pH range from 5.8 to 4.7, whereas at 1 = 0.03 complete precipitation occurs
between pH 6.2 and 4.7, In the latter case the precipitation occurs almost immediately after
adjustment of the pH. Glycinin is completely soluble below pH 3.8 atboth I =02 and I =
0.03.

To investigate whether the solubility behaviour observed relates to differences in molecular
organisation of glycinin, experiments described in the following sections were performed at
the three ionic strengths at both pH 7.6 and 3.8. These particular pH values were chosen
because they represent the solubility maxima of glycinin. No pH values at solubility minima
were chosen because the spectroscopical techniques used require the material to be soluble.
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Figure 1 pH-dependent solubility profiles of glycinin (I = 0.5 (O); 1= 02 (¢); I = 0.03 (%))

determined after incubation of 0.6 mg/ml samples for 16 hours at 20 °C.

3.2 Structural arrangement of acidic and basic polypeptides within glycinin

To investigate whether the exposure of acidic and basic polypeptides in the glycinin molecule
could explain the different solubility curves, FITC labelling experiments were performed at
pH 7.6. As explained in the methods section this probe is expected to label under these
conditions merely lysines present at the surface of the molecule, which makes it possible to
detect conformational rearrangements of acidic and basic polypeptides in the glycinin
complex. Figure 2 shows that the relative exposure of both basic and acidic polypeptides
depends on the ionic strength. The acidic polypeptides are exposed about 12 times more than
the basic ones at I = 0.5. The relative exposure at I = 0.2 and T = 0.03 of the acidic
polypeptides is about half of that at I = 0.5, whereas the relative exposure of the basic
polypeptides increases by a factor of about 1.5. When the ionic strength is lowered to 0.2 and
0.03, the acidic polypeptides are still 4 times more exposed than the basic ones. These resulis
clearly indicate a rearrangement of the polypeptides within the glycinin molecule, modulated
by ionic strength.

The arrangement of the acidic and basic polypeptides in the complex was alternatively studied
by testing their accessibility to proteolytic action by clostripain, resulting in degradation
products of approximately 15 and 25 kDa using SDS-PAGE under reducing conditions
(results not shown). At an ionic strength of 0.5 and 0.2, 85 £ 1% (n = 5) of the acidic
polypeptides are degraded, whereas at an ionic strength of 0.03 only 62 * 4% (n = 5) of the
acidic polypeptides are degraded. This means that the relative exposure of the acidic
polypeptides has decreased by a factor of 1.4. The basic polypeptides are not affected
significantly by the presence of clostripain at any of the tested ionic strengths. This could be
either due to the fact that the overall relative exposure of the acidic polypeptides is higher
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than that of the basic polypeptides at all ionic strengths or due to the interference of
electrostatic repulsions between the basic polypeptides and the Ca?* required for clostripain
action. Qualitatively, these data support the FITC labelling results.

lia

ionic strength

=3
=3

relative exposure

b2
2

Figure 2 Relative exposure (for definition, see materials and methods section) at pH 7.6 of
acidic (black bars) and basic polypeptides (white bars) after labelling of glycinin with FITC at
different ionic strengths at pH 7.6.

3.3 Quaternary folding of glycinin

To study possible differences in the quaternary folding of glycinin, ultracentrifugation
experiments were performed (Figure 3). At pH 7.6 and an ionic strength of 0.5 or 0.2 glycinin
has a sedimentation coefficient of 118, as estimated by calibration with proteins with a known
Svedberg coefficient. A fraction with a higher Svedberg coefficient, probably the 15S fraction
as described by Wolf and Nelsen (1996), also seems to be present at = 0.5. At I = 0.03, next
to an 118 fraction, a 78 fraction, representing 15-25% of all protein, could be observed. At pH
3.8 and I = 0.5 about half of the glycinin molecules are present in the 78 form, whereas at [ =

0.2 and 0.03 glycinin is predominantly present in the 78 form.
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Figure 3 Protein elution profiles using 5-20% sucrose density gradients after ultracentrifugation at pH
7.6 (A) and 3.8 (B} (1= 0.5 (a); I =0.2 (b); I = 0.03 (c)).

3.4 Tertiary folding of glycinin

To determine differences in the tertiary interactions within the glycinin molecule, tryptophan
fluorescence spectra were recorded at pH 7.6 and 3.8 at [ = 0.5, 0.2, and 0.03. Only the
spectra recorded at I = 0.5 (normalised at 345 nm) are shown (Figure 4A), to give typical
examples. Fluorescence spectroscopy shows at I = (.5 a shift of ca. 2 nm of Ay, to lower
wavelengths when the pH is lowered from 7.6 to 3.8, demonstrating that the local
environment of tryptophan is changed into a tore apolar one. A similar effect, although
smaller (ca. 1 nm), can also be observed at I = 0.2 and 0.03. No significant changes in Ay
can be observed when the ionic strength is varied either at pH 7.6 or at pH 3.8 (results not
shown).

All recorded near-UV CD spectra (Figure 4B) show positive ellipticity between 250 and 300
nm, with a maximum at 285 nm and a resolved shoulder at 291 nm. The near-UV CD spectra
of samples of different ionic strength all show a comparable shape at each particular pH.
When the ionic strength is lowered at pH 7.6 a decrease of 20% in intensity can be observed
when the spectrum at 1 = 0.5 is compared with that recorded at I = 0.03. At pH 3.8 a similar
trend is observed when the ionic strength is lowered, although it is less pronounced than at pH
7.6 (about 10% decrease of intensity). Such a decrease in intensity of the near-UV CD bands
generally points at a destabilisation of the protein tertiary structure (Vuilleumier et al., 1993).
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When the pH is lowered from 7.6 to 3.8 at all three ionic strengths, the total intensity of the
CD spectra decreases significantly, about 35-45%. Furthermore, the ratic between the
intensity at 285 and 291 nm decreases slightly. Because tryptophan generally absorbs at
higher wavelengths than tyrosine in the 280-295 nm region (Vuilleumier et al., 1993), this
could suggest that the local environment of the tyrosines is more destabilised than that of the
tryptophans when the pH is lowered. These results confirm those found with fluorescence
spectroscopy. It is concluded that the tertiary folding of glycinin depends more strongly on
pH than on ionic strength.
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Figure 4 Tertiary folding of glycinin at I = 0.5 M at pH 7.6 (a) and 3.8 (b} studied with tryptophan
fluorescence spectroscopy {A) and near-UV CD spectroscopy (B).

3.5 Secondary folding of glycinin

The secondary structure of glycinin was studied by far-UV CD (Fig. 5). Only the results at 1 =
0.5 are presented in Figure 5A in order to give typical examples. All far-UV CD spectra
exhibit a negative extreme around 208 nm and a zero crossing around 200 nm. Spectra could
not be recorded below 195 nm due to high concentrations of chloride ions in the [ = 0.2 and
0.5 buffers. On the basis of comparison with reference spectra (Johnson, 1990), glycinin
predominantly consists of ¢-helical structures. Using curve-fitting procedures with reference
spectra (de Jongh and de Kruiff, 1990), the secondary structure content was estimated. Figure
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5B presents the amount of non-structured protein for the various conditions. The amount of
non-structured protein increases significantly when the pH is lowered from 7.6 to 3.8.
Furthermore, at pH 3.8 the amount of non-structured protein also increases when the ionic

strength is lowered, whereas at pH 7.6 such a correlation is not observed.
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Figure 5 Far-UV CD spectra of glycinin at ] = 0.5 at pH 7.6 {a) and 3.8 (b) {A) and the estimated
amount of non-structured glycinin as a function of pH and ionic strength (B) (I = 0.5 (black bars);
[ = (.2 (grey bars); 1 = 0.03 (white bars)).

4 Discussion

This study was undertaken to determine glycinin structure under conditions (pH, ionic
strength) used frequently in the literature in comparison to conditions more representative for
food systems. Its structural properties at different folding levels are related to the solubility.

Our investigations show that the gquaternary structure of glycinin is modulated by both the
ionic strength and, more effectively, pH. Whereas at I = 0.5 and pH 7.6 glycinin is present in
the 118 form, at [ = 0.03 and pH 3.8 glycinin has dissociated into the 7S form (Figure 3). The
dissociation of 118 into 75 seems to be correlated with significant changes at the secondary
{Figure 5) and, to a lesser extent, the tertiary folding level (Fig. 4). Apparently there is no
correlation between the 11S/7S ratio and the solubility at a concentration of 0.6 mg/ml,
because at both conditions the solubility is 100% (Figure 1). Intermediate situations of the
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