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ABSTRACT: The 2S and 12S proteins of rapeseed were iso-
lated and subsequently hydrolyzed by pepsin or a combination
of pepsin plus trypsin. The resulting hydrolysates had a 15% de-
gree of hydrolysis and were purified by gel filtration chromatog-
raphy in order to obtain homogeneous peptide fractions. Three
major fractions, having an average peptide chain length of
7.5-11 amino acids, were recovered. Purified peptide fractions
were acylated with butyric anhydride and sulfamidated with p-
toluenesulfonyl chloride. The degree of modification was al-
ways higher than 90%. Emulsifying and foaming properties of
native and chemically modified peptides were studied and
compared to those of sodium dodecy! sulfate (SDS) as standard.
A peptide fraction from the 15% hydrolysis of the 125 protein
exhibited the best foaming properties. After sulfamidation, this
peptide fraction showed a foam formation similar to that of SDS.
Whereas the attachment of toluene groups generally improved
the surface properties, the incorporation of an aliphatic chain of
four atoms of carbon was detrimental in most of the cases. On
the other hand, none of the native or hydrophobized peptide
fractions was able to form a stable emulsion.
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Proteins are recognized to be much more than a simple source
of nutrients. Because of their amphiphilic nature, proteins are
also involved in functional aspects of foods, such as the for-
mation of emulsions and foams. Proteins can be adsorbed at
oil-water and air—water interfaces, decreasing surface tension
values, and, hence facilitating the formation of emulsions and
foams. This adsorption is believed to occur in three distinct
steps. First, protein molecules diffuse to the subsurface just
below the interface; second, they are adsorbed; and finally,
they unfold at the interface to adopt a thermodynamically op-
timized conformation. In addition, proteins form a continuous
viscoelastic film around the oil droplets or air bubbles that sta-
bilize emulsions and foams (1). Therefore, the formation of a
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stable foam or emulsion is a complex phenomenon that de-
pends on the physicochemical characteristics of the protein,
such as net charge, solubility, hydrophobicity, flexibility, etc.
(2). Protein structure can be intentionally modified in order to
improve these surface properties. Such protein modifications
can be easily performed by enzymatic or chemical treatments.

Enzymatic hydrolysis improves the solubility of proteins,
even if the degree of hydrolysis is low. The increase of ionic
groups after hydrolysis makes the peptides more soluble with
respect to the original protein throughout the pH range (3,4),
and consequently enhances the diffusion of the protein and
facilitates the formation of emulsions (5). In addition, enzy-
matic hydrolysis can increase the surface hydrophobicity of
peptides by exposing hydrophobic groups that are generally
buried in the core of native proteins (5,6). The positive effect
of hydrophobicity on the surface properties of proteins and
peptides has been demonstrated in several works (7-9). Nev-
ertheless, emulsifying and foaming properties are only im-
proved if the enzymatic hydrolysis is limited and the result-
ing peptides maintain a size large enough to form a stable film
around the dispersed phase (10).

Chemical modification also constitutes a useful and well-
known procedure to modify the functional properties of pro-
teins. Acylation, succinylation, esterification, oxidation, re-
duction, glycosylation, phosphorylation, and alkylation are
the most common chemical reactions used for this purpose
(11). Emulsifying and foaming properties of different chemi-
cally modified proteins are widely described in the literature.
Chemical treatments were used in the following ways: to im-
prove the flexibility of proteins either by reduction of disul-
fide bonds (12) or glycosylation (13); to increase their solu-
bility by either deamidation (14) or grafting polar molecules
(15); and to enhance the hydrophobicity of proteins by either
dissociation and reduction (16) or grafting hydrophobic
groups by esterification (17), mainly by acylation and suc-
cinylation of amino groups (18-20).

Nevertheless, the combination of enzymatic hydrolysis
plus chemical modification is little used, and only few works
deal with the preparation of chemically modified peptides. A
procedure for the succinylation of hydrolysates from soy,
peanut, cottonseed, corn, rapeseed, and sesame is patented
(21). Acylated dipeptides were prepared from the synthetic
reaction between N-lauroyl-arginine and free amino acids, ob-
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tained commercially or from the total hydrolysis of collagen
(22,23). These dipeptides showed good surfactant and antimi-
crobial properties. The proteolysis of esterified 3-lactoglobu-
lin was performed by pepsin and the resulting peptides iden-
tified, but their surface properties were not evaluated (24).

Rapeseed (Brassica napus L.) is the most important oilseed
crop in Europe, and there is excess oil production in some
countries, such as France. Rapeseed is also an excellent source
of proteins (20-25%), although its high content of some anti-
nutritional constituents such as phytic acid, glucosinolates,
and phenols limits the extraction and utilization of rapeseed
proteins in food products (25). For these reasons, rapeseed
proteins are used mainly for animal feeding. Nevertheless, the
production of biodegradable and so-called green peptide sur-
factants from these proteins might constitute an alternative for
increasing the value of rapeseed. Such surface-active peptides
might be considered as potential substitutes for current chemi-
cal surfactants in some nonfood applications.

The objective of this work was to investigate the emulsion
and foam properties of native and chemically treated peptides
obtained from rapeseed. With this aim, the major proteins of
rapeseed, 2S (napin) and 128 (cruciferin) were purified, hy-
drolyzed, and subsequently modified by acylation and sul-
famidation. Both reactions were recently optimized in our
laboratory and applied to bovine serum albumin (26) and the
12S and 2S proteins from rapeseed (27). These reactions are
based on the nucleophile reaction between the free amino
groups of peptides and butyric anhydride or p-toluenesulfonyl
chloride to form an amide or a sulfonamide bond, respec-
tively. As a result of these reactions, amino groups of peptides
are hydrophobized with an aliphatic chain (butyric anhydride)
or with an aromatic ring (p-toluensulfonyl chloride).

EXPERIMENTAL PROCEDURES

Materials. Rapeseed (var. Lirajet) was dehulled, ground, and
extracted with hexane under mild conditions to remove most
of the fat. Pepsin (EC 3.4.23.1; 4,500 U/mg; from porcine
stomach mucosa), trypsin [EC 3.4.21.4; 11,000 U No-ben-
zoyl-L-arginine ethyl ester (BAEE)/mg; type XIII from bovine
pancreas], o-phthaldialdehyde (OPA), p-toluenesulfonyl chlo-
ride, L-leucine, n-hexadecane, and butyric anhydride were
purchased from Sigma Chemical Co. (St. Louis, MO).
Phenylisothiocyanate (PITC) and dimethyl-2-mercaptoethy-
lammonium chloride (DMMAC) were obtained from Pierce
(Rockford, IL) and Merck (Darmstadt, Germany), respec-
tively. All other chemicals were of analytical grade.

Amino acid analysis. Quantification of amino acids was
performed according to Bidlingmeyer et al. (28). Proteins and
peptides were hydrolyzed with 6 N hydrogen chloride at
110°C for 24 h. Resulting free amino acids were then deriva-
tized with PITC and separated by high-performance liquid
chromatography (HPLC) using a PICO TAG C18 (150 x 3.9
mm) reversed-phase column (Waters, Milford, MA). Separa-
tions were by a binary gradient system using 140 mM sodium
acetate, 0.1% (vol/vol) triethylamine buffer, pH 6.4 (solvent
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A), and a 60% aqueous solution of acetonitrile (solvent B).
Solvents were delivered to the column as follows: time 0-2
min, linear gradient from 10 to 13% solvent B; time 2—6 min,
linear gradient from 13 to 18% solvent B; time 6—14 min, lin-
ear gradient from 18 to 38% solvent B; time 14-20 min, linear
gradient from 38 to 62% solvent B; time 20-21 min, linear
gradient from 62 to 100% solvent B; time 21-29 min, elution
with 100% solvent B. Temperature of the column was main-
tained at 50°C. Flow rate was 1 mL/min and elution was mon-
itored at 254 nm. Percentage of each amino acid was calcu-
lated from calibration curves.

Determination of amino groups. Free amino groups were
determined according to the modified OPA method described
by Frister et al. (29). Proteins or peptides were dissolved in
12.5 mM sodium tetraborate, 2% sodium dodecyl sulfate
(SDS) buffer, pH 8.5. Fifty microliters of this solution was
added to 1 mL of a reagent made up of the following: 50 mL
0.1 M sodium tetraborate buffer, pH 9.3, plus 1.25 mL of 20%
SDS, plus 100 mg of DMMAC, plus 40 mg of OPA dissolved
in 1 mL of methanol. After 2 min, the absorbance of the mix-
ture was measured at 340 nm. The number of amino groups
was calculated from a standard curve of L-leucine.

Extraction of rapeseed proteins. Defatted rapeseed flour
(250 g) was suspended in 2,500 mL of 22 mM sodium phos-
phate, 0.3% sodium bisulfite buffer, pH 7.0, and extracted by
stirring for 1 h at room temperature. Sodium bisulfite was used
to avoid the darkening of the proteins. The suspension was cen-
trifuged at 8,000 X g for 15 min. The supernatant was filtered
and eluted with the extraction buffer in a Sephadex GH-25
(Pharmacia, Uppsala, Sweden) column to remove polyphenols
and other nonprotein compounds.

Purification of 28 and 128 proteins from rapeseed. Protein
rapeseed extract was loaded on a SP Sepharose Big Bead
(Pharmacia) ion exchange column. Protein purification was
carried out using a binary gradient system. Solvents were 22
mM sodium phosphate, 0.3% sodium bisulfite, pH 7.0 (buffer
A), and buffer A plus 1 M sodium chloride (buffer B). Sol-
vents were delivered to the column as follows: time 0—130
min, elution with 100% buffer A; time 130-230 min, linear
gradient from 0 to 25% buffer B; time 230-250 min, linear
gradient from 25 to 100% buffer B; time 250-265 min, elu-
tion with 100% buffer B. Flow rate was 70 mL/min. Protein
fractions were analyzed by SDS-polyacrylamide gel elec-
trophoresis (PAGE). The 12S- and 2S-enriched fractions were
eluted, respectively, in the range of 0-25% and 100% buffer
B. These fractions were recovered, concentrated, and further
purified using a Sephadex C-25 gel filtration column equili-
brated in buffer A. Napin and cruciferin purified fractions were
recovered and desalted on a Sephadex GH-25 column equili-
brated with 0.1% ammonium carbonate solution. Finally, pro-
tein samples were freeze-dried.

Enzymatic hydrolysis of 28 and 128 proteins. Cruciferin
(250 mg) was dissolved in distilled water (125 mL) at 37°C
and pH 2.5 adjusted by 6 N HCI. Two milliliters of pepsin
(2.5 mg/mL) was added, and the mixture was stirred for 1 h.
Napin was successively hydrolyzed with pepsin and trypsin.
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Pepsin hydrolysis was carried out for 24 h as described above
and then stopped by increasing the pH to 7.8 with 6 N NaOH.
Subsequently, trypsin (2 mL at 2.5 mg/mL) was added and
the hydrolysis continued up to 120 h. Hydrolysis was stopped
by adjusting the pH to 5 and freeze-drying. Cruciferin was
hydrolyzed under nondenaturing conditions, whereas napin
was reduced with 2% (vol/vol) 2-mercaptoethanol at 80°C for
10 min prior to the enzymatic hydrolysis.

Determination of the degree of hydrolysis (DH) and aver-
age peptide chain length (PCL). DH, defined as the percent-
age of peptide bonds cleaved, was calculated using the fol-
lowing formula:

DH =(N;, =Ny /N7 )x100 (1]

where N, and N, are the number of free amino groups in the
native and hydrolyzed protein, respectively, determined by
OPA reaction (29); N is the total number of peptide bonds:
2637 for the 128 globulin (30) and 125 for the 2S albumin (31).

Average PCL was calculated according to Adler-Nissen (3):

PCL = 100/DH 2]

Separation of rapeseed peptides. Rapeseed protein hy-
drolysates were fractionated on a Superdex 30 TM prep grade
600 x 160 mm gel filtration column (Pharmacia) (Fig. 1).
Peptides were eluted with 1.5% ammonium carbonate at a
flow rate of 0.8 mL/min. Elution was monitored at 280 nm.

Chemical modification of rapeseed peptides. Peptide frac-
tions (30 mg) were dissolved in distilled water (10 mL), and
the pH was adjusted to 10.5. Butyric anhydride (3 equivalents
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FIG. 1. Fractionation by gel filtration chromatography of 15% degree of
hydrolysis hydrolysates prepared from (A) 12S protein (cruciferin) and
(B) 2S protein (napin). Recovered fractions are between dotted lines.
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per amino group) or p-toluensulfonyl chloride (2 equivalents
per amino group) was added, and the pH was maintained at
10.5 by 1 N sodium hydroxide using a pH-stat. The reaction
medium was stirred at room temperature until a constant pH
was reached. After the reaction, side-reaction products were
removed by washing the peptide solution three times with
hexane. Modified peptides were recovered in the aqueous
phase and then freeze-dried (26). Peptide fractions (X) are
referenced as X-B and X-S for butylated or sulfamidated, re-
spectively.

Determination of the degree of modification. The percent-
age of modified peptides was calculated using the following
formula:

modified peptides (%) = (Ny—N,,/No)x100 [31]

where N, and N, are the number of free amino groups, de-
termined by OPA reaction (29), in the nonmodified and modi-
fied samples, respectively.

Foaming properties. Foam formation was characterized
using the foam analyzer apparatus described by Fains et al.
(32). Samples (8 mL at 1 mg/mL) dissolved in 1% ammonium
carbonate buffer, pH 9.0, were placed in a glass column (200
x 30 mm). Foam was generated by sparging air into the pep-
tide solution through a porous metal disk (2 um pore diame-
ter) at a rate of 15 mL/min. At the base of the column, a pair
of electrodes measured by conductimetry the quantity of lig-
uid under the foam. The volume of liquid incorporated into
the foam was determined by comparison with the initial
volume of peptide solution. The foam volume in the glass
column was detected by a uniline CCD camera (model
OM-1024; Schmersal, Wuppertal, Germany) linked to a mi-
crocomputer. Bubbling stopped automatically when the vol-
ume of foam reached 35 mL. The formation and drainage of
the foam was recorded for 20 min. Foams were compared on
the basis of the maximal liquid incorporated into the foam and
half drainage times (z, ) which is defined as the time re-
quired for draining half of the volume of liquid released at the
end of the analysis.

Emulsifying properties. Emulsions were evaluated by the
study of the creaming—flocculation kinetics (33). Samples
(0.8 mg/mL) were dissolved in 1% ammonium carbonate
buffer, pH 9.0. Then 25 mL of this solution was placed into a
glass cylinder containing two electrodes at the base, and 15
mL of n-hexadecane was gently added over the aqueous solu-
tion. The system was stirred at 20,000 rpm for 30 s by a Poly-
tron PT-3000 (Littau, Switzerland). The volume of the aque-
ous phase was continuously monitored by conductivity mea-
surements. Results were expressed as the volume fraction of
dispersed oil in the emulsion and were calculated from

0=1-[25/15x(1-C,/Co)] [4]
where C, is the conductivity of the peptide solution before

emulsification and C, is the conductivity of the emulsion at
time #; 25 and 15 are the volumes of the aqueous and oil
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phases in milliliters, respectively.

RESULTS AND DISCUSSION

Enzymatic hydrolysis of the 25 and 128§ proteins from rape-
seed. The 128 protein was preferably hydrolyzed by pepsin
as a sole enzyme, because at the optimal pH for pepsin activ-
ity (pH 2.5) the 12S globulin is dissociated into its o} sub-
units favoring the accessibility to the cleavage sites. Con-
versely, the proteolysis of 12S globulin at a neutral pH is gen-
erally limited because the protein is organized as
close-packed hexamers (34). For this reason, the hydrolysis
by another enzyme with an optimal pH around neutrality was
not assayed. The DH of 125 globulin after 1 h of hydrolysis
with pepsin was 15%.

The 2S albumin showed a high resistance to enzymatic hy-
drolysis by pepsin. This is probably due to the compact glob-
ular conformation of this protein characterized by a rigid
tridimensional structure linked by four disulfide bonds (35).
Therefore, the hydrolysis of 2S albumin was performed under
denaturing conditions in order to cleave these disulfide bonds
and facilitate the action of the proteases. In addition, we used
two enzymes, pepsin and trypsin, with different specificities.
The former is a protease that hydrolyzes peptide bonds of aro-
matic amino acids, whereas trypsin has a specificity for basic
amino acids. With this combination of enzymes it is possible
to increase the DH of hydrolysates by lowering the effect of
the specificity of individual enzymes (36). By using pepsin
plus trypsin on 2S albumin, we obtained a DH of 15% after
120 h of hydrolysis.

Separation, characterization, and lipophilization of rape-
seed peptides. Rapeseed hydrolysates were fractionated by gel
chromatography in order to obtain peptides with a homogene-
ous size (Fig. 1). Peaks were not detected in the chromatograms
corresponding to the nonhydrolyzed cruciferin or napin, which
indicates the efficiency of the enzymatic hydrolysis. Cruciferin
hydrolysate was characterized by a profile without separated
peaks that suggests the presence of peptides quite heteroge-
neous in size. On the contrary, napin hydrolysate showed a
well-defined peak eluted at around 110 min. Five fractions
were separated but only three major fractions were recovered
and studied, one from the cruciferin hydrolysate (CH) and two
from napin hydrolysate (NH-I and NH-II). Other fractions were
not kept because they either represented a minor percentage or
lacked homogeneity. The PCL of CH, NH-I, and NH-II pep-
tide fractions were 7.5, 11.0, and 8.0 amino acids, respectively.
The hydrophobic/hydrophilic balance of the peptide fractions
was also evaluated because of the importance of this parameter
on the surface properties of peptides (Fig. 2). The hydrophobic
amino acid content of CH and NH-I were 57 and 54%, respec-
tively, which were very close to those of 2S and 12S proteins
(around 58%). On the other hand, this percentage was signifi-
cantly lower in the NH-II fraction (36%). In order to increase
their initial hydrophobicity and to obtain more surface active
compounds, rapeseed peptides were modified using either bu-
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FIG. 2. Percentages of hydrophobic (J) and hydrophilic amino acids
(W) of the purified peptide fractions. CH = cruciferin hydrolysate; NA =
napin hydrolysate (fractions | and I).

tyric anhydride or p-toluenesulfonyl chloride. Because of the
small size of peptides, amino groups were more accessible to
reagents than those of proteins, and the chemical modification
was almost complete. When butyric anhydride was used, the
percentages of modified amino groups of CH, NH-I, and NH-
II were 92, 91, and 93%, respectively, whereas in the case of
p-toluenesulfonyl chloride, they reached 94, 93, and 98%,
respectively.

Foaming properties of native and chemically modified
rapeseed peptides. The foaming and emulsifying properties
of rapeseed peptides, before and after chemical modification,
were compared to those of SDS as the standard surfactant.
Foam formation profiles of native peptide fractions are shown
in Figure 3, and the main parameters characterizing the foams
are in Table 1. The best results were obtained with SDS,
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FIG. 3. Foam formation curves of native peptide fractions CH (—),
NH-I (— —), and NH-II (----), SDS (— -- —) at 1.0 mg/mL and pH 9.0.

See Figure 2 for abbreviations.
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TABLE 1

Maximum Liquid Volume and Half Drainage Times (t, ,)
of Foams Formed from Native (CH and NH), Butylated (B),
and Sulfamidated (S) Rapeseed Peptide Fractions

Maximum liquid (mL) ty (5)
SDS? 6.3 176
CH 4.8 60
CH-B 3.5 50
CH-S 4.9 201
NH-I 2.3 91
NH-I-B 1.8 —
NH-I-S 2.0 —
NH-II — —
NH-II-B — —
NH-II-S 2.1 —
4SDS, sodium dodecyl sulfate. —, no foam formation or extremely unstable

foam formation.

which formed a foam with a maximal liquid incorporation of
6.3 mL and a t,, of 176 s. Fraction CH also formed a rather
stable foam with a maximal liquid incorporation of 4.8 mL
and a t;, of 60 s. Peptide fractions obtained from napin, NH-I
and NH-II, showed poor foaming properties. The amount of
liquid that fraction NH-I incorporated into foam was only 2.3
mL, whereas NH-II did not show foam formation. The differ-
ent foam formation characteristics observed in CH and NH-II
fractions could be due to their amino acid compositions.
Thus, although both fractions had the same PCL, fraction
NH-II was more hydrophilic (64% of polar amino acids) than
CH (43%) and NH-I (46%). This higher hydrophilicity of
fraction NH-II could hinder its adsorption at the air—water in-
terface, because it seems that only peptides having a high hy-
drophobicity are able to be adsorbed into the interfacial lay-
ers, whereas hydrophilic peptides generally stay in the aque-
ous phase (4). Nevertheless, the hydrophobicity of peptides
cannot explain the differences found between the foaming
properties of CH and NH-I. NH-I had a higher PCL than CH
and a very similar percentage of hydrophobic amino acids,
but its foaming properties were significantly lower. A possi-
ble hypothesis is that CH has a more favorable amino acid se-
quence, with polar and apolar amino acids grouped in sepa-
rate regions in order to form an amphiphilic molecule (37).

In spite of the fact that grafting of aliphatic chains of four
atoms of carbon was reported as a valuable means to prepare
proteins with improved foaming properties (38), acylation of
rapeseed peptides using butyric anhydride was detrimental
for foaming formation. Thus, fractions CH-B, NH-I-B, and
NH-II-B exhibited poorer foaming properties than native pep-
tides (Fig. 4 and Table 1). Maximal liquid incorporated in the
foam decreased from 4.8 mL of CH fraction to 3.5 mL after
butylation (CH-B fraction). NH-I-B also showed a slight de-
crease in its foaming properties with respect to unmodified
NH-I, and NH-II-B did not show foam formation.

Unlike butylation, sulfamidation, in general, improved the
foaming properties of peptide fractions (Fig. 5 and Table 1).
Sulfamidation of fraction CH did not improve the amount of
liquid incorporated into the foam (4.9 mL) with respect to the
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FIG. 4. Foam formation curves of butylated peptide fractions CH-B (—),
NH-I-B (— —), and NH-II-B (----), SDS (— -- —) at 1.0 mg/mL and pH
9.0. See Figure 2 for abbreviations.

original fraction, but the destabilizing rate of CH-S foam was
much slower than for CH, as indicated by a ¢;,, of 201 s. This
value is even superior to that of SDS, although the amount of
liquid into foam was higher in the standard surfactant. Sul-
famidation also improved the foaming properties of NH-II, al-
though the maximal liquid incorporated in the foam remained
low (2.1 mL). As in the case of butylation, sulfamidation did
not improve the foaming properties of NH-I fraction.
Emulsifying properties of native and chemically modified
rapeseed peptides. Native rapeseed peptides exhibited very poor
emulsifying properties (Fig. 6). The creaming flocculation ki-
netics showed that emulsions formed were not stable and
creamed rapidly after their formation. Only CH fraction showed
a more gradual creaming, although after 50 min the emulsion
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FIG. 5. Foam formation curves of sulfamidated peptide fractions CH-S
(—), NH-I-S (— —), and NH-II-S (----), SDS (— -- —) at 1.0 mg/mL and
pH 9.0. See Figure 2 for abbreviations.
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. 6. Creaming flocculation kinetics of native peptide fractions CH
NH-1 (— —), and NH-II (----), SDS (— -- —) at 0.8 mg/mL and pH
See Figure 2 for abbreviations.

had been creamed from the aqueous phase. Unlike the case of
foaming properties, no significant improvement of emulsifying
properties was obtained by acylation or sulfamidation.
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