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Abstract 

Koningsveld van, G.A. Physico-chemical and functional properties of potato proteins 

Ph.D. thesis Wageningen University, Wageningen, The Netherlands, 2001 
Key words potato proteins, patatin, protease inhibitors, solubility, structure, 

pH, temperature, ethanol, ionic strength, phenolic compounds, 
foams, emulsions 

Potato proteins were isolated from potato fruit juice (PFJ) by different precipitation methods. 
The use of various strong and weak acids resulted in a maximum protein precipitation of 60 % 
of total protein at pH 3. The best results with respect to precipitation (91 %) and resolubility 
(91 %) were obtained using organic solvents. 
Potato proteins unfold between 55°C and 75°C. The monomers of dimeric patatin were shown 
to thermally unfold independently at 60°C. Thermal unfolding of the protease inhibitors, 
between 60°C and 70°C, resulted in a decrease in inhibitor activities and protein solubility. 
Potato proteins were soluble at neutral and strongly acidic pH. At mildly acidic pH potato 
protein solubility was dependent on ionic strength and the presence of unfolded patatin. The 
presence of ethanol significantly reduced the unfolding temperature of potato proteins. In the 
presence of ethanol the thermal unfolding of the tertiary and the secondary structure of patatin 
were shown to be almost completely decoupled. The different mechanisms by which phenolic 
compounds may affect protein solubility are discussed in relation to the solubility and 
resolubility behavior of potato proteins in PFJ and when separated. 
Less foam could be formed from untreated patatin than from the protease inhibitors. The foam 
forming properties of patatin could be strongly improved by partial unfolding of the protein. 
Whipping tests indicated that foams made with an ethanol precipitated protein isolate (PPI) 
were more stable against Ostwald ripening and drainage than those made with P-casein and |J-
lactoglobulin. The average droplet size of emulsions made with potato proteins was found to 
be presumably determined by the release due to the lipolytic activity of patatin of surface 
active fatty acids and monoglycerides from the tricaprylin oil phase during the emulsification 
process. 



Symbols and Abbreviations 

r surface excess (mg/m2) 

7 interfacial tension (N/m) 

p density of liquid phase (kg/m3) 

TJSD surface dilational viscosity (= d / ( d In A/dt)) 

A interfacial area (m2) 
ASP ammonium sulfate precipitate 
CD circular dichroism 
cs relative width of the droplet size distribution 
rfj2 volume-surface average droplet size (|im) 
DSC differential scanning calorimetry 
Eso surface dilational modulus = d^dln/l 

A/icai calorimetric enthalpy of unfolding per unit mass (J/g) 

AffCai molar calorimetric enthalpy of unfolding (kJ/mole) 

AffvH van't Hoff enthalpy = ARTr^Cp
ma-ld>HcA (kJ/mole) 

HP-SEC high performance size-exclusion chromatography 
/ ionic strength (M) 
L distance between pins on beater (m) 
LAH lipid acyl hydrolase 
«D refractive index 
PAT-5 patatin resolubilized at pH 7 after precipitation at pH 5 
PAT-5E patatin resolubilized at pH 7 after precipitation at pH 5 in 

the presence of 20 % (v/v) ethanol 
PF J potato fruit juice 
PIP protease inhibitor pool, obtained from PFJ 
PIP-5E PIP after precipitation at pH 5 in the presence of 20 % 

(v/v) ethanol 
/>L Laplace pressure = 2-ylR (Pa) 
PPI (20 % EtOH) potato protein isolate prepared from PFJ by precipitation 

at pH 5 in the presence of 20 % (v/v) ethanol 
PPI or PPI (15 % EtOH): potato protein isolate prepared from PFJ by precipitation 

at pH 5 in the presence of 15 % (v/v) ethanol 
R: bubble radius (m) 
SD: standard deviation 
SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 
T&i denaturation temperature (°C) 
v: whipping speed (m/s) 
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General introduction 

Chapter 1 

General Introduction 

POTATO {Solarium tuberosum L.) 
Potato belongs to the family of Solanaceae, which contains about 90 genera and 2800 species. 
The genus Solarium, to which potato and all wild relatives belong, consists of about 2000 
species. Within this genus, the section Tuberarium includes the tuber-bearing members, of 
which the cultivated potato is best known (Correl, 1962). The potato is a herbaceous plant, 0.5 
- 1 meter high, which only in some cases bears fruits in the form of berries (Burbank, 1921). 
Tubers form underground out of rhizomes (Burton, 1969). 

The potato is a major world crop, of which 300 million tons are produced world-wide 
annually (FAO, 2000). It is exceeded only by wheat, rice and maize in world production for 
human consumption (Ross, 1986). Potato tubers give an exceptionally high yield per area, 
about 42 tons per hectare, many times that of any grain crop (CBS, 2000), and are used in a 
wide variety of uses (Feustel, 1987;Talburt, 1987). Potato is a major crop in the Netherlands 
also. It contributes about 5 % to the total value of the Dutch agricultural production and 
resulted in 1999 in a total production of 8.2 million tons of potatoes. Some 2.8 million tons 
(28 %) were used for the production of potato starch in 1999 in the Netherlands (CBS, 1999). 
The potatoes used in the starch industry are of special varieties and may contain up to 22 % 
starch as dry matter (ISI, 1999) and generally contain 1.0 - 1.5 % protein (Plieger, 
1986;Lisinska and Leszczynski, 1989). 

POTATO STARCH MANUFACTURE 
Potato starch was first produced in Germany in the late 1700s. Potato starch has many 
applications and is e.g. used in the paper and textile industry, as raw material for 
noodles, as an ingredient in soups and sauces and for the production of glucose (CBS, 1999). 
The process for the manufacture of starch from potatoes (Figure 1) is relatively simple and 
yields 160-180 kg of starch per ton of potatoes (Swinkels, 1990). The process starts by 
washing the potatoes, followed by grinding in a rasping machine. Sodium bisulfite is added 
during the process to prevent excessive formation of brown polymers resulting from the 
oxidation of phenolic compounds. The rasped potato is then passed through rotating sieves. 
The fibers are retained and are discharged as potato pulp (potato fibers). The remaining starch 
slurry contains soluble compounds (sugars, proteins, acids, salts) and fine fibers. These are 
separated by further treatment through continuous centrifugal separators or hydrocyclones and 
fine sieves. The purified starch slurry is used for the production of potato starch derivatives or 
is dewatered and dried (Swinkels, 1990). The by-products that remain after starch 
manufacture are fibres and potato fruit juice, which are both used as animal feed. 
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Figure 1. Potato starch manufacturing process (Adapted from (Swinkels, 1990)) 
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COMPOSITION OF INDUSTRIAL POTATO FRUIT JUICE (PFJ) 
The potato fruit juice (PFJ) resulting from the starch manufacturing process (Fig. 1) contains 
about 5 % dry matter (Plieger, 1986) and has a pH between 5.6 and 6.0. Per ton of potatoes 
usually 650 - 750 liter of PFJ are produced (De Noord, 1975;Staetkvern et al., 1999). The 
composition of the dry matter of PFJ is presented in Table 1. The free amino acids in PFJ are 
mainly composed of glutamine, glutamic acid, aspargine and y-amino butyric acid, of which 
the latter is not incorporated in proteins, and are supposed to serve as nitrogen storage in the 
potato (Plieger, 1986). The other low molecular mass nitrogen containing compounds in PFJ 
include, amongst others, the glycoalkaloids, of which a-solanine and oc-chaconine are the 
most abundant (Lisinska and Leszczynski, 1989). 

The sugars in PFJ are composed of the reducing sugars D-glucose and D-fructose and the 
non-reducing disaccharide saccharose (Lisinska and Leszczynski, 1989). The lipids in PFJ are 
mainly composed of free fatty acids (30 %), fats (30 %) and phospholipids (40 %) (Lisinska 
and Leszczynski, 1989). Also the presence of phenolic compounds present in PFJ is important 
as will be discussed in this thesis. 
Proteins account for approximately 25-30 % of the dry matter in PFJ. The proteins in PFJ will 
be discussed in the next section. 

PROTEINS IN PFJ 
Since this thesis discusses the properties of the soluble potato proteins present in PFJ, the 
knowledge already present about these proteins will be extensively described. This knowledge 
is of great importance to understand the behavior of potato proteins in PFJ and in a more 
purified fractions. 

The potato proteins present in PFJ have been tentatively classified into three groups (Pots, 
1999). No overall quantitative data on the protein composition of potato varieties are 
available, except those for PFJ from cultivar Elkana (Pouvreau et al., 2001). Patatin, the major 
potato tuber protein, comprises 38 % of the protein in PFJ from cultivar Elkana. The protease 
inhibitors make up about 50 % and other proteins up to 12 % of total protein in PFJ from 
cultivar Elkana (Pouvreau et al., 2001). 
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Table 1: Average composition of potato fruit juice (dry matter) 
Component 

Protein (N x 6.25) 

Peptides (N x 6.25) 

Amino acids + amides (N x 5.13) 

Other N-containing compounds 

Sugars 

Lipids 

Citric acid 

Ascorbic acid 

Other organic acids 
(e.g. malic and pyrolidone carboxylic acid) 

Chlorogenic acid 

Caffeic acid 

Potassium 

Phosphorus 

Other components 

Concentration in PFJ (g/1) 
(min - max) 
13.4(8.5-22.2) 

2.2(1.5-3.1) 

4.8(3.3-7.8) 

0.9 

7.9(3.0-24.9) 

1.1 

5.0(2.0-12.0) 

0.3(0.1-0.6) 

1.3(0.7-5.4) 

0.2(0.1-0.5) 

0.07 (0.03 - 0.3) 

5.6(3.9-7.3) 

0.5 (0.2 - 0.9) 

5.0 

% of dry matter 

26.8 

4.4 

9.6 

1.8 

15.8 

2.2 

10.0 

0.6 

2.6 

0.4 

0.1 

11.2 

1.0 

10.1 

Data calculated from own data, Plieger (Plieger, 1986), ISI (ISI, 1999) and Knorr and 
coworkers (Knorr et al., 1977;Knorr, 1980a) 

Patatin 
Patatin was given its trivial name by Racusen and Foote (Racusen and Foote, 1980), but the 
isolation and partial characterization of the 45 kDa glycoprotein, as it was denoted, had been 
performed in the early 70's already (Galliard, 1971;Galliard and Dennis, 1974;Dennis and 
Galliard, 1974). Patatin consists of a family of 40-42 kDa glycoproteins (Pots et al., 1999a) 
with pi's between pH 4.5 and 5.2 (Racusen and Foote, 1980;Park et al., 1983;Straefkvern et 
al., 1999). It is considered to be a storage protein because of its high accumulation in the tuber 
(Rosahl et al., 1986). 

Patatin has a lipid acyl hydrolase (LAH) activity for both lipid deacylation and wax ester 
formation (Galliard, 1971;Dennis and Galliard, 1974;Galliard and Dennis, 1974). In aqueous 
solution, it is active on phospholipids, monoacylglycerols and p-nitrophenylesters, moderately 
active on galactolipids but less active on di-acyl and tri-acyl glycerols (Andrews et al., 1988). 
It has been suggested that this LAH-activity may play a role in the plant defense mechanism 
(Pots, 1999). The enzymatic activity of patatin has also gained interest in industry because of 
its specificity towards mono-acyl glycerols. This unusual specificity makes the enzyme very 
suitable for the production, in organic solvents, of mono-acyl glycerols with a high purity (> 
95 %), from glycerol and fatty acids, which are an important group of emulsifiers (Macrae et 
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al., 1998). 
The primary sequence of patatin (362 amino acids) shows neither extended hydrophilic nor 
hydrophobic amino acid sequences and the positive and negative charges of the side-chains 
are randomly distributed over the sequence (Pots, 1999). The patatin family consists of a 
number of isoforms but these do not seem to differ significantly in their structural properties 
and thermal conformational stability (Pots et al., 1999b). The apparent molecular weight of 
patatin, of 43 kDa, as determined using SDS-PAGE, differs from its apparent molecular 
weight in non-dissociating media where it appears as a dimeric protein of 80 kDa (Racusen 
and Weller, 1984). 

Protease inhibitors 
Although protease inhibitors have long been considered only as antinutritional factors, they 
have regained interest in recent years because of their possible anti-carcinogenic (Kennedy, 
1998) and positive dietary effects (Hill et al., 1990). In contrast to patatin, the major potato 
tuber protein (Racusen and Foote, 1980), the protease inhibitors are a more heterogeneous 
group of proteins. They differ with respect to molecular mass, amino acid sequence and 
inhibitory activity (Pouvreau et al., 2001). A general characteristic of protease inhibitors is 
that they are small, cysteine-rich and heat-resistant proteins of 3-23 kDa (excluding tandemly 
repeated inhibitor domains resulting in inhibitors of 36-85 kDa) and are expected to play a 
major role in plant defence (Jongsma, 1995). The large number of cysteine residues present in 
protease inhibitors results in the formation of large number of disulphide bridges, which are 
necessary to uphold the original peptide conformation of the inhibitor upon hydrolysis by a 
protease (Jongsma, 1995). The potato protease inhibitors can be classified in seven different 
families (Pouvreau et al., 2001). 

Potato inhibitor I (PI-1) is a pentameric serine protease inhibitor composed of five 7.7 -7.9 
kDa isoinhibitor protomers (Richardson and Cossins, 1974;Ralet and Gueguen, 1999). It 
represents 4.5 % of total protein in PFJ from cultivar Elkana and 2 % and 19 % of the total 
trypsin and chymotrypsin inhibiting activity in PFJ from cultivar Elkana, respectively 
(Pouvreau et al., 2001). The eight different forms of PI-1 found, have pi's between pH 5.1 and 
pH 7.8 (Pouvreau et al., 2001). 

Potato Inhibitor II (PI-2) is a dimeric serine protease inhibitor composed of two 10.2 kDa 
subunits (Bryant et al., 1976) linked by a disulfide bridge (Lee et al., 1999). In PFJ from 
cultivar Elkana 7 isoforms of PI-2 are present, making up 22 % of the total protein and 82 % 
and 50 % of the total chymotrypsin and trypsin inhibiting activity, respectively. The isoforms 
of PI-2 have pi's in the range 5.5-6.9 (Pouvreau et al., 2001). 

Potato Cvsteinyl Protease Inhibitors (PCPI) are reported to be represented by at least 9 
different inhibitors in PFJ from cultivar Elkana (Pouvreau et al., 2001). They differ in 
molecular weight, ranging from 20.1 to 22.8 kDa, and pi, ranging from pH 5.8 to >9. They 
constitute about 12 % of total protein. Apart from their inhibiting activity against cysteinyl 
proteases like e.g. papain (Brzin et al., 1988), they also constitute 16 % and 10 % of the total 
chymotrypsin and trypsin inhibiting activity present in PFJ, respectively (Pouvreau et al., 
2001). Besides the cysteinyl protease inhibitors described above, the 85 kDa potato 
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multicystatin (Waldron et al., 1993;Walsh and Strickland, 1993) is also expected to be present 
in PFJ. 
Potato Aspartyl Protease Inhibitors (PAPI) consist of 6 different inhibitors representing in 
total 6 % of total protein in PFJ. Their molecular weights are in the range 19.9 - 22.0 kDa, 
while their pFs are in the range pH 6.2 - 8.7. Apart from their activity against the aspartyl 
protease cathepsin D (Mares et al., 1989), they also comprise 9 % and 2 % of the total 
chymotrypsin and trypsin inhibiting activity present in PFJ, respectively (Pouvreau et al., 
2001). 
Potato Kunitz Protease Inhibitors (PKPI) consist of two members, both having a molecular 
weight of 20.2 kDa (Walsh and Twitchell, 1991). They have pi's of 8.0 and > 9.0, 
respectively, and constitute about 4 % of total protein in PFJ. They represent 2 % and 3 % of 
the total chymotrypsin and trypsin inhibiting activity present in PFJ, respectively (Pouvreau et 
al., 2001). 
Other Serine Protease Inhibitors (OSPI) are represented by two members in PFJ and they 
represent 1.5 % of total protein. Their molecular weights are 21.0 (Valueva et al., 1999) and 
21.8 kDa (Sub. et al., 1990), respectively, and their pi's are 7.5 and 8.8, respectively. They 
comprise 2 % and 3 % of the total chymotrypsin and trypsin inhibiting activity present in PFJ, 
respectively (Pouvreau et al., 2001). 
Potato Carboxypeptidase Inhibitors (PCPI) are present in only one form in PFJ. PCPI has a 
molecular weight of 4.3 kDa and represents about 1 % of total protein in PFJ (Pouvreau et al., 
2001). PCPI is known to be remarkably heat stable (Hass et al., 1975;Huang et al., 
1981;01iviaetal., 1991). 

Other proteins 
All proteins not belonging to the patatin family or not showing protease inhibitor activity are 
classified in this group. It was shown that this group accounts for about 12 % of the proteins 
present in PFJ from cultivar Elkana (Pouvreau et al., 2001). This group mainly consists of 
proteins with higher molecular weights such as the 65.5 kDa lectin (Allen et al., 1996), 
polyphenoloxidases of 60 and 69 kDa (Partington and Bolwell, 1996), protein kinases (Man et 
al., 1997;Subramaniam et al., 1997), enzymes involved in starch synthesis (140 kDa) 
(Marshall et al., 1996) and phosphorylase isozymes (180-600 kDa) (Gerbrandy and 
Doorgeest, 1972;Shivaram, 1976) 

PROTEIN RECOVERY FROM PFJ 
Potato proteins have a high nutritional value, as can be derived from amino acid composition, 
bio-assays and human feeding trials (Kapoor et al., 1975;Meister and Thompson, 1976b;Liedl 
et al., 1987;Friedman, 1996); it is comparable to that of whole egg (Knorr, 1978). The lysine 
content (7.5 %) is higher than in most plant proteins, and potato proteins would therefore be 
an excellent supplement for lysine-poor proteins, such as cereal proteins in bread (Knorr, 
1978).In the few reports that have been published on the functionality of undenatured potato 
protein, they are claimed to have good "foam properties" (Wojnowska et al., 1981;Jackman 
and Yada, 1988;Edens et al., 1997) and "emulsion properties" (Holm and Eriksen, 
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1980;Wojnowska et al., 1981;Jackman and Yada, 1988;Edens et al., 1997). Also, potato 
protein concentrates that can be expected to contain at least partly denatured proteins are 
reported to show good functionality in foams (Knorr et al., 1977;Knorr, 1980a;Knorr, 
1980b;Wojnowska et al., 1981) and emulsions (Wojnowska et al., 1981;Ralet and Gueguen, 
2000). Because of their promising nutritional and functional properties, many efforts have 
been made to recover undenatured potato proteins from dilute potato processing waste 
streams. 

Protein recovery methods 
Heat treatment is the only method that has been used to commercially recover potato proteins 
from waste streams up to now. Heat precipitation results in very high yields, but the 
precipitate can not be resolubilized at neutral pH (Meister and Thompson, 1976a;Knorr et al., 
1977;Rosenau et al, 1978;Knorr, 1980a;Boruch et al., 1989). Since the largest mass of the 
potato proteins have a pi at acidic pH (Seibles, 1979), precipitation of potato proteins at low 
pH has frequently been described using various acids. Precipitation at pH 3, which results in 
optimal precipitation yields, resulted in precipitates with a decreased solubility at neutral pH 
(Meister and Thompson, 1976a;Knorr et al., 1977;Knorr, 1980a). The use of citric acid has 
been described by Knorr (Knorr, 1982) and was reported to result in high precipitation yields 
and a high solubility of the protein precipitate at neutral pH. The use of the metal salts AICI3 
(Knorr, 1982) and FeCl3 (Meister and Thompson, 1976a;Knorr et al., 1977;Knorr, 
1980b;Knorr, 1982) has also been reported to result in high precipitation yields and a high 
solubility of the precipitate at neutral pH. Lindner and coworkers (Lindner et al., 1981) have 
used bentonite at pH 4.5 to efficiently precipitate potato protein from starch factory waste, but 
the difficulty of desorbing the protein again poses a major problem. 

Several authors have failed to notice the discrepancy between the pi's of potato proteins (pi 5 
- >9) (Ahlden and Tragardh, 1992;Pouvreau et al., 2001) and the pH for optimum protein 
precipitation yield (Meister and Thompson, 1976a;Knorr et al., 1977;Knorr, 1980b). The 
mechanism causing this remarkable difference therefore remained unclear (Pots, 1999). 
Other methods than precipitation have also been used. Ion-exchange on carboxymethyl 
cellulose has been reported to be successful in recovering potato proteins (Gonzalez et al., 
1991) but since the binding takes place at low pH (1.5-4.0) the resulting product can be 
expected to be at least partially denatured (Pots et al., 1998b).Ion-exchange, using the 
Expanded Bed Adsorption technique, has also been used for the preparative isolation of 
patatin from industrial PFJ (Strastkvern et al., 1999), but the technique used will be too 
expensive for industrial application. Ultrafiltration has been used by several authors (Boruch 
et al., 1989;Wojnowska et al., 1981). However, in large-scale practice considerable membrane 
fouling may occur and the resulting protein concentrates have been reported to contain 
elevated levels of glycoalkloids (Wojnowska et al., 1981). Treating potato fruit juice before 
ultrafiltration by flocculation through addition of CaHP04, at pH 7.5, (Edens et al., 1997) is 
reported to prevent excessive membrane fouling and seems the most promising method 
described in this section. 
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PROPERTIES OF PROTEINS 
From the above it is clear that the solubility and structural stability of potato proteins at 
various conditions are of paramount importance for the recovery of useful potato protein 
preparations. 

Protein structure and stability 
Proteins are complex macromolecules whose primary structure is given by their amino acid 
sequence. The peptide chain of globular proteins in their native state is folded in a defined 
manner resulting in a secondary and a tertiary structure. The secondary structure is the local 
conformation of the polypeptide backbone, and three main structure types can be 
distinguished. The random coiled conformation is the natural unordered state of a polymer. 
The oc-helix is the structure type that consists of a helical winding of the backbone resulting in 
a rod-like structure. The p-sheet is an extended structure consisting of closely interacting (3-
strands. The tertiary structure is the overall arrangement of the elements of secondary 
structure into a globular structure, while the quaternary structure is the association of the 
separate polypeptides into multimeric proteins (Creighton, 1996). The secondary and higher 
structure of a protein results from physical forces including hydrophobic interactions, van der 
Waals interactions, hydrogen bonds, electrostatic interactions and the solvation of polar 
groups and from chemical forces in covalent cross links (Alber, 1989). The stabilizing and the 
destabilizing interactions within the protein and between the protein the solvent, together with 
the loss of conformational entropy upon folding, almost equalize. The stability of the protein 
structure is, therefore, dependent on a small difference in free energy between a relatively 
small ensemble of folded conformations and an infinite ensemble of unfolded states. 
Unfolding of the protein structure, or denaturation, is characterized by a rearrangement of the 
polypeptide chain, resulting in a loss of the native folded conformation and may result in the 
exposure of hydrophobic groups to the solvent (Tanford, 1961). Loss of the folded structure 
of proteins can be readily followed by observing changes in the absorption spectra, circular 
dichroism, fluorescence spectra or heat capacity (DSC) of proteins (Darby and Creighton, 
1993). The structure of the protein can be disrupted by relatively minor alterations in pH or 
temperature and the addition of denaturing agents (Darby and Creighton, 1993). 
Unfolding at extremes of pH usually occurs by ionization of non-ionized groups buried inside 
the protein. Also electrostatic repulsion between charged groups at the surface and effects on 
salt bridges may contribute to pH induced unfolding (Darby and Creighton, 1993;Creighton, 
1996). Heat induced unfolding is related to the temperature dependence of the different 
stabilizing and destabilizing interactions, the gain in conformational entropy upon unfolding 
and the change of solvent structure with temperature. Also, the action of denaturants is based 
on their ability to change solvent structure. 

Isolated patatin at room temperature was shown to be a highly structured protein at both a 
secondary and tertiary level. Its structure at neutral pH was estimated using CD spectroscopy 
to consist of 33 % a-helical and of 46 % P-stranded structures (Pots et al., 1998a). Patatin 
becomes thermally destabilized at temperatures > 28°C and its a-helical parts unfold 
cooperatively between 45 and 55°C. Its p-stranded parts unfold more gradually between 50 



General introduction 

and 90°C (Pots et al., 1998a). The thermal unfolding of patatin is accompanied by a loss of 
enzyme activity and was shown to coincide with the temperature at which protein 
precipitation occurs in PFJ. Thermal unfolding of patatin was shown to be only partly 
reversible upon cooling (Pots et al., 1998a). Also, at pH values below 4.5 patatin was shown 
to irreversibly unfold resulting in a partial loss of its enzymatic activity (Pots et al., 
1998b;Straetkvern et al., 1999). 

Little is presently known about the structure and structural stability of potato proteins other 
than patatin. 

Protein solubility 
The solubility of a compound and, therefore of a protein, is strictly defined as the amount of 
that compound that can be dissolved in a given amount of solvent at a given temperature, 
where the solute is in equilibrium with its crystalline form. The amount of protein dissolved 
should thus be independent of the procedure used to dissolve it. Because most proteins 
discussed in this thesis are either a mixture of proteins or contain proteins in various 
(un)folding states, a more practical definition of solubility is needed. Operationally, solubility 
denotes the proportion of a given amount of protein that goes into solution (or into colloidal 
dispersion) under specified conditions and is not sedimented by moderate centrifugal forces 
(Kinsella, 1984). 

The solubility of a protein in water or an aqueous solvent is determined by its free energy 
when surrounded by aqueous solvent relative to its free energy when interacting in an 
amorphous or ordered solid state (Creighton, 1996). The interactions of a protein molecule 
with solvent or with other molecules are determined primarily by its surface. The most 
favorable interactions with water are provided by charged and polar groups of hydrophilic 
amino acid side chains (Creighton, 1996). At the isoelectric pH (pi) the net charge on the 
protein is zero and the solubility of a protein is lowest. This is especially so at low ionic 
strength. Away from the isoelectric pH the net charge of the protein increases and therefore, 
even at low ionic strength, provides electrostatic repulsion between the proteins, which keeps 
them in solution (Creighton, 1996). This argument is of course restricted to the pH range in 
which the protein remains in its native conformation, as unfolding would alter its surface and 
thus solubility properties. The solubility of proteins is also affected by the presence of salts, 
especially near the isoelectric pH. Low concentrations of salt generally tend to increase 
protein solubility as they decrease the thickness of the electric double layer around the 
charges on the protein, which causes these charges to be felt as local individual charges rather 
than as the net charge of the protein and thus provide local electrostatic repulsion between 
protein molecules, which is called salting-in. At higher salt concentrations the solubility of a 
protein tends to decrease. The magnitude of this salting-out effect depends on the nature of 
the salt and generally follows the Hoffmeister series (Creighton, 1996). On the basis of this 
series a distinction can be made between lyotropic and chaotropic salts. Lyotropic salts tend to 
alter water structure in such a way that the solvation of the protein surface becomes 
energetically less favorable thereby decreasing protein solubility. Chaotropic salts do the 
opposite. Generally, lyotropic salts tend to increase protein stability, while chaotropic salts 
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tend to decrease protein stability by favoring the solvation of hydrophobic residues that are 
normally buried inside the protein. 
The solubility of proteins can also be decreased at much lower salt concentrations when 
specific complexation occurs. Metal ions such as Mn2+, Fe2+, Co2+, Ni2+ and Zn2+ can form 
strong complexes with carboxylic acid groups and also histidine, and can non-covalently 
cross link proteins into large aggregates that may become insoluble (Bell et al., 1983). The 
effect of metal ions such as, e.g., Fe3+ and Al3+, is more complex; apart from forming stable 
complexes with protein groups they form strong complexes with water and hydroxide, which, 
depending on the pH, may result in the formation of hydroxyl gels (Lovrien and Matulis, 
1997). 

Water-miscible organic solvents can also be used to lower protein solubility. Their ability to 
lower the solubility of proteins, especially at their pi, was believed to be due to a decrease in 
the dielectric constant of the solvent, which resulted in an increase of electrostatic interactions 
between proteins thus lowering their solubility (Foster, 1994). This mechanism has been 
questioned, since at the low temperature at which organic solvents are usually applied, there is 
only a negligible difference with the dielectric constant of water at 20°C (Van Oss, 
1989;Rothstein, 1994). Van Oss (Van Oss, 1989) demonstrated that ethanol may act in the 
same way as a lyotropic salt, i.e. increasing protein stability and decreasing protein solubility. 
Ethanol and other water-miscible organic solvents may, however, destabilize proteins. 
Whether an organic solvent acts as stabilizing agent or as a destabilizing agent depends on its 
concentration and the temperature at which it is applied (Brandts and Hunt, 1967;Velicelibi 
and Sturtevant, 1979). 

FORMATION AND STABILITY OF FOAMS AND EMULSIONS 
As stated above potato proteins are claimed to possess good foaming and emulsifying 
properties. 
Foams and emulsions are both systems in which one phase (air for foam, oil for oil-in-water 
emulsions) is dispersed in another phase. Also, the processes that occur during their formation 
and stabilization are similar. The differences between foams and emulsions include the 

particle diameter, i.e. about 0.1-1 mm and 0.2-10 (J,m, respectively, the solubility of the 
dispersed phase in the continuous phase, the interfacial tension, and others (Walstra, 
1987;Prins, 1988). The difference in particle size between foams and emulsions also means 
that the specific surface area is much higher in an emulsion than in a foam and thus much 
more surfactant is needed to make and stabilize an emulsion. 
When discussing foams and emulsions, formation and stabilization should be considered 
separately, since different mechanisms and time-scales play a role in these processes. 
In foams formation and stability can often not be distinguished, while in emulsions these 
processes are clearly distinct (Walstra and Smulders, 1997). The formation of a foam and an 
emulsion involves the break-up of large particles in to smaller ones. This process requires the 
input of energy because the deformation of the droplet is opposed by the Laplace pressure 
(PL) inside the particle, which is given by: 

PL = 2ylR 
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Figure 2. Types of instability in foam and oil-in-water emulsions 

where y is the surface tension and R is the radius of the particle. The role of the protein, or 
any other surfactant, in this process is that by adsorbing to the particle interface it may lower 
the surface tension and thereby make droplet break-up easier, although in this process also the 
rheology of the particle surface, i.e. how the surface reacts on deformation, is important. 
Another role of the surfactant during this process is to prevent the particles from immediately 
coalescing again by its ability to form /-gradients. 
The extent to which a /-gradient develops increases with increasing surface dilational 
modulus ESD (Lucassen-Reijnders, 1981), which is given by: 

£SD = dy/dliL4 
in which £SD is the surface dilational modulus, / i s the interfacial tension, and A is the surface 
area. Various other aspects are also important during the formation and stabilization of the 
newly formed particle, such as the adsorption rate of the surfactant (Walstra, 1993). 
Also after formation, foams and emulsions are exposed to different types of instabilities, as 
indicated in Figure 2. Creaming and drainage are caused by the density difference between the 
dispersed phase and the continuous phase. Apart from the density difference, also the particle 
size, the rheological properties of the particle surface and the viscosity of the continuous 
phase influence the rate of creaming and drainage. 
Ostwald ripening can occur when the dispersed phase is soluble in the continuous phase, 
which is uncommon in oil-in water emulsions but common in foams. Due to a higher Laplace 
pressure the solubility of the dispersed phase in the continuous phase is higher around smaller 
bubbles than around larger bubbles, resulting in the growing of larger bubbles at the cost of 
smaller bubbles. This process can be retarded or stopped if the surfactant stays adsorbed at the 
interface of the shrinking bubble, because then the surface tension will decrease when the 
surface area is reduced. The relation between the surface tension and change in surface area is 
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given by £SD- It has been shown that Ostwald ripening in a foam will completely stop if £SD 
becomes equal to or larger than y/2 (Lucassen, 1981). 

Aggregation is the process in which two or more particles stick together. Aggregation is 
governed by the balance of the attractive and repulsive forces between the droplets. In 
emulsions specific mechanisms of aggregation may be observed that are called bridging and 
depletion flocculation. Bridging flocculation occurs at low concentrations of polymeric 
surfactants. In this situation one polymer molecule adsorbs at two interfaces thus forming a 
bridge between the droplets. Depletion flocculation may occur when high concentrations of 
non-adsorbing polymers are present, because then there is zone near the particle interface that 
is, because of steric hindrance, depleted of this polymer. The concentration difference 
between this layer and the bulk forces the droplets together in order to minimize the volume 
devoid of polymer. Coalescence occurs when the film between two particles becomes thin for 
prolonged time and is eventually ruptured, causing them to flow together. 
All the mentioned instability processes affect each other. The rate of coalescence e.g., 
depends on the time the particles stay together and is therefore, amongst others, affected by 
drainage/creaming and aggregation. 

The role of proteins in foam and emulsion formation and stabilization 
In many food products proteins are used for their foam and emulsion forming and stabilizing 
properties since they can adsorb on to oil/water and air/water interfaces, thereby lowering the 
surface tension. Proteins are much more surface active than small-molecule surfactants, i.e. 
they adsorb at much lower molar concentration (Walstra and De Roos, 1993). Proteins 
predominantly adsorb at interfaces via their hydrophobic segments and once adsorbed they 
rearrange their conformation to expose these segments to the interface, thus attaining an 
energetically most favorable conformation (Smulders, 2000). Molecular properties, e.g. 
conformational stability/flexibility, of proteins govern the ability of the proteins to lower the 
interfacial tension during foam formation and emulsification, hence the formation of small 
particles: they also stabilize the particles against immediate coalescence by affecting the 
rheological properties of the particle surface (Smulders, 2000). After formation proteins also 
determine the properties of the adsorbed layer by affecting its rheological properties and also 
by providing steric and electrostatic repulsion thereby stabilizing the particles against 
aggregation, and thus against creaming and coalescence. 

The absorption behavior of proteins depends on their net charge, hence pH. Also the 
conformation and conformational stability of proteins depend on pH. At the isoelectric pH the 
net charge on the protein is zero and the electrostatic repulsion between the proteins is 
minimal. This may result in a low protein solubility and often leads to poor emulsion forming 
and stabilizing properties due to a decrease in effective molar protein concentration and a lack 
of electrostatic repulsion between the emulsion droplets (Hailing, 1981). In contrast, foam 
formation and stability are often observed to be highest near the isoelectric pH (German and 
Phillips, 1991;Graham and Phillips, 1976). In the stability of protein foams electrostatic 
repulsion between the bubbles is not important and the favorable effect on foam stability of 
increased interfacial protein-protein interactions, reflected in a higher £SD, predominates. 

11 
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Away from the isoelectric pH the foam and emulsion properties of proteins are generally less 

affected by pH, as long as no unfolding occurs. Ionic strength affects the functionality of 

proteins by reducing the electric double layer around the charges on the proteins and thus 

reduces the distance at which electrostatic repulsion acts between the proteins in solution, as 

well as in the interface and between interfaces. Unfolding of proteins by heat-treatment, or 

other treatments, may in some cases improve foam and emulsion properties of proteins. 

However, unfolding often results in protein aggregation and concomitant loss of solubility, 

which is one of the most important properties determining the performance of proteins in 

foam and emulsions (Hailing, 1981). 

AIM OF THE STUDY 

Only little is known about the protein and non-protein composition of PFJ and the behavior of 

these components under various conditions. The most important question which resulted in 

the research described in this thesis is: Can potato proteins be recovered from PFJ, in such a 

way that they retain their functional properties, most importantly their solubility? This 

recovery method should be applicable at a large scale and result in a high yield. Potato protein 

recovery was expected to be complicated by the presence of and the interactions with non­

protein components in PFJ. The aim of this thesis was to examine how extrinsic factors like 

pH, ionic strength and temperature would influence the structure of potato proteins, this in 

relation to the functionality of the proteins in making and stabilizing foams and emulsions. 

OUTLINE OF THE THESIS 

Chapter 2 describes the influence of pH and additives, such as metal salts and water-miscible 

organic solvents, on the precipitation yield of potato proteins from PFJ and the solubility of 

these precipitates at neutral pH. Chapters 3 and 4 describe the effects of pH, temperature, 

ionic strength and ethanol precipitation on the structure and solubility of potato proteins in 

various fractions. Chapter 5 discusses the foam properties of the protein fractions described in 

chapters 3 and 4, while in Chapter 6 the emulsion properties of these fractions are described. 

Finally, chapter 7 combines the information described in Chapter 2-6 into a more general 

overview. 
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Chapter 2 

The solubility of potato proteins from industrial potato fruit juice as influenced 

by pH and various additives 

ABSTRACT 
The effects of pH and various additives on the precipitation and (re)solubility at pH 7 of 
potato proteins from industrial potato fruit juice (PFJ) were studied. Various strong and weak 
acids did not result in differences in protein precipitation, which occurred to a maximum of 60 
% of total protein at pH 3. Weak acids did, however, increase the resolubility of the 
precipitates at pH 7. At pH 5 addition of FeCi3 or ZnCl2 increased both precipitation and 
resolubility. The largest increase in precipitation and resolubility was achieved using organic 
solvents, resulting in maximum precipitation (pH 5) of 91 % of total protein and a maximum 
resolubility of 83 % of total protein. 

The results described in this study lead to the hypothesis that precipitation and resolubilization 
of potato proteins from PFJ is not determined by their isoelectric pH but by their interactions 
with low molecular weight components. 

This chapter has been submitted as: 
The solubility of potato proteins from industrial potato fruit juice as influenced by pH and various 
additives. 
Gerrit A. van Koningsveld, Harry Gruppen, Harmen H.J. de Jongh, Gerrit Wijngaards, Martinus 
A.J.S. van Boekel, Pieter Walstra, Alphons G.J. Voragen 
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INTRODUCTION 
In potato starch manufacture an aqueous byproduct remains, after recovery of potato starch, 
which is called potato fruit juice (PFJ). On a dry matter basis PFJ contains about 35% protein 
and amino acids, 35% sugars, 20% minerals, 4% organic acids and 6% other components 
(Knorr et al., 1977). Potato protein has a relatively high nutritional quality, comparable to that 
of whole egg (Kapoor et al., 1975;Knorr, 1978), and it therefore has high potential for 
utilization in food applications. Protein recovery from industrial PFJ is presently achieved 
through heat coagulation by steam injection after pH adjustment. This method is very efficient 
in removing protein from solution. However, it leads to protein precipitates that exhibit a low 
solubility (Knorr et al., 1977;Knorr, 1978), which hampers potential food applications 
(Kinsella, 1976). An economic method to recover soluble potato protein efficiently would 
considerably increase its possibilities for use in food and add to its commercial value. 
Several efforts have been made in the past to recover potato protein from industrial PFJ. 
Precipitation with bentonite (Lindner et al., 1981) and carboxymethyl cellulose (Gonzalez et 
al., 1991) offer alternatives for heat coagulation, but suffer from drawbacks such as removal 
of adsorbent and high concentrations of anti-nutritional factors (protease inhibitors) in the 
precipitate. The use of membrane techniques like ultrafiltration gives promising results in 
laboratory studies (Wojnowska et al., 1981;Boruch et al., 1989). However, in large scale 
practice considerable membrane fouling may occur and it also yields protein concentrates 
containing anti-nutritional factors, like protease inhibitors and glycoalkaloids (Wojnowska et 
al., 1981). 

Several methods of precipitation at acidic pH have been used for the recovery of potato 
proteins (Meister and Thompson, 1976;Knorr et al., 1977;Knorr, 1980;Knorr, 1982). The 
most promising results with respect to the (re)solubility of protein precipitates were obtained 
with citric acid (Knorr, 1980;Knorr, 1982) and ferric chloride (Knorr et al., 1977;Knorr, 
1980;Knorr, 1982). 

The purpose of this study was to examine how precipitation of potato proteins can be 
optimized in terms of recovery of soluble potato proteins. Experiments were done in the 
presence of various additives, such as acids, (metal) salts or organic solvents, in order to 
optimize both protein precipitation and solubility of the resulting precipitates. The results of 
these experiments should not only give information about how both precipitation and 
resolubility of potato proteins from industrial PFJ can be optimized, but also provide insight 
into what processes and interactions govern the precipitation and resolubilization of potato 
proteins. 
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MATERIALS AND METHODS 
Preparation of PFJ 
Potatoes (cv. Elkana) were washed thoroughly with water and cut into large pieces (max. 8 x 
2.5 cm) which were immediately dipped in a 20 mg/ml solution of sodium bisulfite to prevent 
enzymatic browning. The potato pieces were ground in a domestic type juice extractor (AEG). 
The remaining turbid juice was allowed to settle for 15 minutes. Next, the liquid was decanted 
and centrifuged (15 minutes, 19000 x g, 10°C) and the supernatant filtered through a paper 
filter (Schleicher & Schuell, ref.no. 311653). The resulting clear yellowish filtrate, which has 
a pH of 5.7 - 6.0, is known to be a good simulant for industrial PFJ (AVEBE B.A., Foxhol, 
The Netherlands) and is further denoted as PFJ. 

Protein precipitation and resolubilization 
Protein precipitation experiments were performed by adjusting the pH of stirred duplicate PFJ 
samples in 15 ml Kimax tubes at room temperature, or on ice when organic solvents were 
used. The acidified samples were left to settle for 1 hour at room temperature, or on ice when 
organic solvents were used. The settled samples were centrifuged for at least 15 minutes 
(3600 x g) until clear supernatants were obtained, at 22°C or at 0°C when organic solvents 
were used. Supernatants were analyzed in duplicate for nitrogen content. Precipitated nitrogen 
was calculated as nitrogen in PFJ minus nitrogen in the supernatant and was assumed to be of 
protein origin and expressed as proportion of the TCA-precipitable nitrogen present in PFJ. 
Precipitates formed using different acids were washed twice by suspending them in 5 ml of 
either 0.1 M sodium acetate buffer (pH 3.5 - 5.5) or 0.1 M sodium citrate buffer (pH 2.5 and 
3). Precipitates obtained with metal salts or organic solvents were washed twice with 5 ml of a 
0.1 M sodium acetate buffer (pH 5) that contained the appropriate amount of the metal salt or 
the appropriate amount of the organic solvent used during precipitation. After each washing 
step the samples were centrifuged (3600 x g, 15 min, 22 or 0°C). 

Washed precipitates were suspended as described by Betschart (1974) in the original Kimax 
tube in 10 ml of 113 mM sodium phosphate buffer (pH 7.0) with an ionic strength of 0.2 M. 
When metal salts were used during precipitation, the buffer contained 30 mM of disodium 
EDTA. After adjusting the pH to 7.0 the tubes were completely filled with buffer, capped and 
incubated for 60 minutes at 30°C in a test-tube rotator. Next, the tubes were centrifuged (3600 
x g, 22°C, 15 min) and supernatants were sampled for determination of soluble nitrogen. 
Protein resolubility was calculated as the amount of soluble nitrogen and expressed as 
proportion of total protein (i.e. TCA precipitable) nitrogen present in untreated PFJ. 

Effect on precipitation and resolubility of: 
1. Various acids 

The effect of pH and different acids (sulfuric (0.5 M), hydrochloric (1 M), citric (25 % w/v) or 
acetic acid) was studied by lowering the pH of samples of 8 ml PFJ to pH's ranging from 2.5 
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to 5.5 with intervals of 0.5 pH units. When citric or acetic acid was used pH values lower than 
3.0 were not applied. 
The relation between the volume of resolubilization buffer and the amount of protein 
resolubilized was examined by resolubilizing precipitates obtained from four 8 ml samples of 
PFJ adjusted to pH 5 using 0.5 M H2S04 in 12.5, 25, 62.5 or 125 ml resolubilization buffer. 

2. Dialysis and ionic strength 
PFJ was dialyzed at 4°C in cellulose ester dialysis tubes with a molecular weight cut-off of 
8000 Dalton (Spectrum Medical Industries, Laguna Hills ,CA., USA) against 50 volumes of 
0.5 g/1 of sodium bisulfite. The bisulfite solution was changed regularly until no further 
decrease in conductivity of the retentate was observed. The resulting turbid retentate (pH 5.2) 
was clarified by adjusting the pH to 7 with 0.5 M NaOH. 

The influence of pH on protein precipitation in dialyzed PFJ was examined by adjusting the 
pH of samples (10 ml) of the clarified retentate to the desired pH in the range of pH 2.5 - 6.5 
with intervals of 0.5 using 0.5 M H2SO4. 

The influence of ionic strength was examined by adding different amounts of 5.0 M NaCl to 
dialyzed PFJ samples (9 ml) before the pH was adjusted to pH 5.0 with 0.5 M sulfuric acid. 
The total volume of all samples was kept the same (10 ml) by adding water. The final NaCl 
concentrations used in the samples ranged from 0 to 0.5 M. 

3. Metal salts 
The effect of the addition of metals salts was studied by adding solutions of 0.1 M of either 
FeCb, FeSCM or ZnCb, which were adjusted to a final ionic strength of 0.6 M with NaCl, to 
PFJ. Different amounts of these solutions were added to PFJ samples (6.8 ml), prior to 
adjustment to pH 5 with 0.5 M H2SO4, while the ionic strength and the final volume of all 
samples was kept the same by adding different amounts of 0.6 M NaCl and water. Final metal 
ion concentrations in the PFJ samples ranged from 0 to 15 mM. EDTA was used during 
resolubilization to remove metal ions from the protein and thereby exclude their possible 
charge effect on protein resolubility. 

4. Organic solvents 
The effect of organic solvents was studied by adding precooled (-20°C) aqueous solutions of 
methanol, ethanol, isopropanol or acetone to stirred 5 ml PFJ samples kept on ice. After 
addition of organic solvents the samples were kept on ice and brought to pH 5.0 with 0.5 M 
sulfuric acid. Final concentrations of organic solvents used in the samples ranged from 0 to 40 
% (v/v). 

The relation between the volume of resolubilization buffer and the amount of protein 
resolubilized was examined by simultaneously obtaining precipitates from five samples of PFJ 
that contained 5 % (v/v) (0.65 M) isopropanol and were adjusted to pH 5 using H2S04. The 
precipitates obtained were resolubilized in 1, 2, 3, 5 or 13 ml of resolubilization buffer. 
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Protein analysis 
Nitrogen (N) content was determined by the micro-Kjeldahl method (AOAC, 1980). Protein-
N of PFJ was determined as N recovered by centrifugation (15,000 x g, 22°C, 20 min) 1 hour 
after addition of trichloroacetic acid (TCA) to PFJ to a final concentration of 12.5 % (w/v) 
TCA. Protein content was calculated as 6.25 x (Ntotai - Nsupernatant (12.5 % TCA) )• PFJ, on average, 
contained 3.59 ± 0.09 (SD) mg of nitrogen per ml. Of this nitrogen 60 ± 5.6 (SD) % could be 
precipitated with 12.5 % (w/v) TCA and was therefore assumed to be of protein origin, which 
leads to an average protein (N x 6.25) concentration of 13.4 ± 0.9 (SD) mg protein per ml of 
PFJ. Dialyzed PFJ contained 4.7 ± 0.2 mg protein per ml. The determination of precipitated 
protein had an average absolute standard deviation of 3 % of total protein. The determination 
of resolubilized protein had an average absolute standard deviation of 4 % of total protein. 

SDS-PAGE 
SDS-PAGE and isoelectric focussing (IEF) were performed with a Pharmacia Phastsystem 
according to the instructions from the manufacturer, using Gradient 8-25 or IEF 3-9 gels, 
which were stained with either Coomassie brilliant blue R-250 or silver staining. The intensity 
of the protein bands was estimated visually and "normalized" to the intensity of the respective 
band in PFJ. 

Circular dichroism spectroscopy 
In order to investigate the effect of precipitation and subsequent resolubilization on patatin, 
purified patatin Pots et al. (1998) was precipitated from a 1 mg/ml solution in 10 mM sodium 
phosphate buffer pH 7.0, by adjusting 1.5 ml of this solution to pH 5 with 0.1 M H2SO4 at 
room temperature. After 1 hour the turbid patatin solution was centrifuged (15,000 x g, 20 
min, 22°C.) and the supernatant was used for protein analysis. The precipitate, containing 90 
% of the patatin originally present, was completely resolubilized by adding 1.5 ml of water 
and adjusting the pH to 7.0 with 0.1 M NaOH. The effect of precipitation and resolubilization 
on the secondary structure of patatin was studied by far-UV CD spectroscopy. Far-UV CD 
spectra of 0.3 mg/ml solutions of both untreated and resolubilized patatin were recorded 10-
fold on a Jasco J-715 spectropolarimeter (Jasco Corp., Japan) at ambient temperature in quartz 
cells with an optical path length of 0.02 cm. Instrument parameters and analysis of recorded 
spectra were performed as described by Pots et al. (1998). 

RESULTS 
The experiments described in this study aimed at establishing conditions to precipitate 
maximum amounts of resoluble protein from industrial PFJ. This means that not only protein 
precipitation had to be optimized but also the resolubility of the precipitated proteins. The 
protein precipitates obtained should also retain other functional properties, that are not 
described here. 
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