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The physicochemical and functional properties of the native and succinylated 12S storage protein
from rapeseed have been studied and found to depend on the degree of modification. Ultracentrifu-
gation and isoelectric focusing were used for the characterization of the protein samples. The func-
tionality was studied through adsorption kinetics at air/water interfaces and foaming and emulsify-
ing properties. Succinylation results in a significant change of the interface adsorption kinetics of
the native rapeseed globulin and in an improvement of foam capacity and stability as well as emul-
sion stability. These effects, greatly influenced by the level of succinylation, are discussed as being
related to the dissociation of the oligomeric 128 globulin into subunits, to the unfolding of these sub-
units, and to the charge variations, depending on the degree of modification.

The 128 globulin represents a main storage protein in
the seeds of Brassica species (Bhatty et al., 1968; God-
ing et al., 1970). It shows the typical properties of the
oligomeric 11-12S plant storage proteins: a molecular
weight around 300 000 (Schwenke et al., 1980), a quater-
nary structure composed of six subunits (Plietz et al.,
1983; Schwenke et al., 1983a), a low content of a-helix
and a high content of 3-sheet (Schwenke et al., 1975; Zir-
wer et al., 1985), and two types of polypeptide chains
with molecular weights around 30 000 and 20 000 form-
ing the subunits of MW 50 000 (Schwenke et al., 1983a;
Dalgalarrondo et al., 1986).

It has been shown by ultracentrifugation, viscometry,
and CD spectroscopy that the spatial structure of the
protein can be broken step-by-step by succinylation
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(Schwenke et al., 1986). This kind of modification, mainly
performed for improving the functional properties of food
proteins (Kinsella, 1976), has been applied to protein iso-
lates from soybean (Franzen and Kinsella, 1976), peanut
(Beuchat, 1977), sunflower seed (Canella et al., 1979;
Schwenke and Rauschal, 1983), cottonseed (Choi et al.,
1981), faba bean (Rauschal et al., 1981; Schwenke et al.,
1983b; Prahl and Schwenke, 1986), and pea (Jonhson and
Brekke, 1983).

A first investigation of functional properties of the suc-
cinylated rapeseed globulin was described by Nitecka and
Schwenke (1986). A certain dependence of functional
properties on the kind and level of modifications was found,
but the structure—function relationships were not very
often studied. It was the aim of the present work to inves-
tigate this relationship, expecting that the modification
of size and charge induced by succinylation would influ-
ence the surface behaviors of the rapeseed globulin. It
has been shown indeed by Graham and Phillips (Gra-
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ham and Phillips, 1976, 1979a,b; Phillips, 1977, 1981) and
Tornberg (Tornberg, 1978a,b; Tornberg et al., 1982) on
model proteins as well as by Dagorn-Scaviner et al. (1986,
1987) on oligomeric plant seed proteins that the interfa-
cial adsorption of proteins and finally their foaming and
emulsifying properties were closely related to their molec-
ular characteristics. Consequently, the adsorption kinet-
ics at the air/water interface of the various succinylated
samples were also carried out in the present studies to
provide some of the basic information needed to explain
as much as possible their emulsifying and foaming prop-
erties.

MATERIALS AND METHODS

Preparation of the 12§ Globulin. The protein was iso-
lated from dehulled and diethy! ether extracted rapeseed flour
(prepared from Brassica napus, var. Sollux), by extraction with
standard phosphate buffer (0.05 M phosphate buffer, pH 8.0,
according to Sérensen, brought to an ionic strength of 1.0 with
sodium chloride), precipitation by 90% saturation with ammo-
nium sulfate, redissolution at 20% ammonium sulfate satura-
tion, and chromatographic purification on a Sephadex G-200
column as described previously (Raab and Schwenke, 1984).

Succinylation of the Protein. The succinylation was car-
ried out by addition of dry succinic anhydride (quality reinst,
purchased from VEB Laborchemie Apolda, GDR) with stirring
to a 1-2% solution of the protein in phosphate buffer (0.05 M
phosphate, pH 8.0, according to Sérensen, brought to an ionic
strength of 0.5 with sodium chloride). The pH was kept con-
stant during the reaction by addition of 1 M NaOH. After ter-
mination of the reaction, the solution was dialyzed exhaus-
tively against distilled water to remove salt and succinic anhy-
dride and the protein freeze-dried. The degree of succinylation
was estimated by determination of the free amino groups using
the TNBS (trinitrobenzenesulfonic acid) method (Habeeb, 1966)
with the following modifications. The reaction was carried out
in 0.05 M Na,HPO,/0.05 M NaCl, pH 9.2, containing 0.29%
SDS at the reaction temperature of 60 °C and the incubation
time of 2 h according to Barber and Warthesen (1982). The
remaining free amino groups were estimated by the determina-
tion of the available lysine (Booth, 1971).

Isoelectric Focusing. Isoelectric focusing was performed
on 10 mg of protein in a linear sucrose gradient on an LKB
8101 column as described previously (Schwenke et al., 1981).
Ampholine (2%, pH 4-8) were used as carrier ampholyte. After
focusing, 1.5-mL fractions were collected at a flow rate of 1.75
mL/min. The pH values were measured at 4-5 °C, and the
absorbance was measured at 278 nm,

Ultracentrifugation. The ultracentrifugation was per-
formed in a 5-20% sucrose density gradient according to Mar-
tin and Ames (1961) in a Beckman L5 65B type ultracentrifuge
equipped with a swing-out rotor (Type SW40TI) for 21 h at
35000 rpm (218 000g). For calibration, catalase (11.2 S), ~-
globulin (7.0 S), BSA (4.4 S), and lysozyme (1.9 S) were used.
The proteins were dissolved in 0.05 M Na,HPO,/0.05 M NaCl,
pH 9.2, and 0.5 mL of the solution at a concentration of 5 mg/
mL was brought onto the top of the sucrose gradient.

Determination of Adsorption Kinetics at Air/Water
Interfaces. The surface tension ¥ was measured at 20 °C by
the Wilhelmy plate technique using a Prolabo tensiometer. The
v-t curves were recorded until a constant value of v was reached.
The tensiometer trough (approximate diameter 68 mm and height
37 mm) was filled with 25 mL of 0.5 M Na,HPO,, 0.05 M NaCl,
pH 9.2. Protein solutions (100 L, 1-10 mg/mL) were injected,
resulting in a final concentration between 0.004 and 0.04 mg/
mL. The protein sample in the lower phase was mixed by a
moderate and short (20-s) magnetic stirring.

In order to determine the various parameters controlling the
successive kinetic steps of the interfacial adsorption, the com-
monly used plots (Ward and Tordai, 1946, 1952; Graham, 1976;
Tornberg, 1978a; Tornberg et al., 1982) r = f(t1/?), In (d=/dt)
= f(x), and In (1 — w/7,) = f(t) were established on a computer.
= and =, are, respectively, the interfacial surface pressures at
the time value ¢ and at equilibrium. The interfacial pressure =
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Figure 1. Foaming properties: (a, top) experimental curve, con-
ductivity f(t); (b, bottom) kinetic interpretation, In (C - C’/C))
= f(t).

plotted vs t'/2 showed a linear region, giving the limits of the
diffusion-controlled step (Tornberg, 1978a).

As previously described (Dagorn-Scaviner, 1986), the In (dx/
dt) vs 7 curve was divided by regression analysis into succes-
sive linear parts, each of them corresponding to a kinetic step.
According to the equation given by Tornberg (1978a), In (d«x/
dt) = k' - rAA/RT (k' = constant, & = Boltzmann’s constant,
T = temperature), AA can be calculated from the slope of the
corresponding linear sections. AA is defined as the mean sur-
face area that one active segment of the protein needs to adsorb
at the interface and is considered as a measure of the energy
barrier to adsorption. The rate constant R = 1/7 (r = relax-
ation time) of each kinetic step can be obtained from the first-
order equation In (1 - r/x,) = -t/ (Graham and Phillips, 1979a);
it is given by the slope of the corresponding linear segment of
the graph In (1 - # /=) vs time (¢).

Foaming Properties. Foaming capacity and stability were
determined as described by Dagorn-Scaviner (1986). The foam-
ing was performed by bubbling a nitrogen stream through a
fritted glass at the bottom of a column containing the protein
solution (1 mg of protein/mL in 0.05 M Na,HPO,/0.05 M NaCl,
pH 9.2). The column was equipped with a conductimeter for
measuring the foam capacity, which was defined to correspond
to the initial conductivity of the foam (C;, uS/cm), according
to Kato et al. (1983).

Two parameters were chosen for the determination of the
foam stability. The first corresponded to the time (¢, ,,) at which
the conductivity (C) reached half of its initial value (C;/2). The
second was the foam stability index (FSI) defined according to
Kato et al. (1983) as FSI = CyAt/AC (min), where C, is the
conductivity at zero time obtained by extrapolation of the lin-
ear part of the C vs ¢ plot, AC/ At being the slope of this linear
region (Figure 1a). The foam stability index, more related to
the last part of the conductivity curve, especially describes the
coalescence phenomena that occurred at the end of the foam-
breaking process.

To evaluate the rate constants of foam breaking, the method
of Dagorn-Scaviner (1986) was used. It was assumed, accord-
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ing to Mita et al. (1978), that this phenomenon is ruled by first-
order reactions; then drainage and coalescence between bub-
bles will be expressed by the change of the volume fraction of
the liquid phase (®) in the foam, as

d=de™ (1)

where &; = initial volume of ® at t = 0 and ¢t = time.

Bruggeman'’s equation C/C, = /2, where C and C, are, respec-
tively, the conductivities of the foam and of the protein solu-
tion, led to

In (C/C) = —at )

where C and C, are, respectively, the values of the foam con-
ductivity for time values ¢t and ¢t = 0. « is the rate constant.
According to this equation, and plotting In (C/C,) vs t, a curve
composed of linear segments was expected, but unfortunately
it was not so. The explanation was the meaning of the experi-
mental variation of C, which is due to both drainage and coa-
lescence. These two phenomena, which are related to the foam
breaking, should be ruled by different kinetics. Therefore, eq
2 was applied to drainage only by using the corrected conduc-
tivity (C ~ C’) instead of the experimental one (C). It led to

In [(C-C)/C] =-at 3)

The correction term C’ represents the contribution of coales-
cence to the conductivity values C. Assuming that the foam-
breaking process is mainly due to coalescence in the last part
of the curve, C’ was calculated by extrapolation to the whole
curve of the linear part of the experimental curve, which was
previously used for the FSI determination. Under these con-
ditions, the plot In [(C - C")/C,] vs time led to linear segments.
According to eq 3, their slopes are the drainage rate constants
(a). Three successive steps were generally observed (Figure 1b).

Emulsion Stability. Emulsion stability was determined by
following the flocculation—creaming, using protein solutions (1
mg of protein/mL of 0.05 M Na,HPO,, 0.05 M NaCl, pH 9.2)
in a water/dodecane system as described previously (Dagorn-
Scaviner, 1986; Dagorn-Scaviner et al., 1987). n-Dodecane from
Sigma (99%) was used.

The emulsion was prepared by homogenizing 18 mL of pro-
tein solution with 6 mL of dodecane in a Polytron (PT 10/35)
homogenizer (30 s at 20 000 rpm). The emulsion formed was
transferred into a graduated 10-mL vessel with a syringe. The
process of separation of the water phase and the creamed phase
was followed over 60 min at 25 °C. The volume of the sepa-
rated water phase (V) was plotted vs time (t). Assuming an
equilibrium of the phase separation in 24 h, the water-phase
equilibrium volume (V,) was determined after this time. Accord-
ing to Dagorn-Scaviner et al. (1987), three linear regions were
determined from the In [V, /(V, - V,)] vs ¢t plot, corresponding
to successive first-order kinetics of emulsion breaking. Each
kinetic step is characterized by its rate constant 8 and its dura-
tion t. The equilibrium state (¢ — =) of the phase separation
is defined by V, or the limit &, of the volume fraction of the
oil in the concentrated emulsion forming the upper creamed
phase after 24 h. @, is obtained from

- init vol of 0il (2.5 mL)
total vol of emulsion (10 mL) - V,

assuming that all the oil fraction sedimented in the creamed
phase.

RESULTS

Physicochemical Properties. Ultracentrifugation of
the unmodified globulin in the sucrose density gradient
gave one peak with a sedimentation coefficient of 128S.
Succinylation induced a stepwise dissociation into 7S and
3S components (Figure 2). At a degree of succinylation
266%, only the 3S component was detectable. At the
level of 65-70%, previously characterized as a critical level
of modification for 118 globulins from plant seeds
(Schwenke et al., 1985), the distribution of dissociation
products appeared to be the broadest.
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Figure 2. Percentage of the dissociation products induced by
succinylation.

Succinylation results in a shift of the isoelectric point
of the native protein from 7.1 (uncorrected) to lower pH
values (Figure 3a-d). The most pronounced charge was
observed after a modification of 29% of the amino groups,
giving products with isoelectric points in the range of
pH 4.23-5.25 and a maximum at pH 4.70 (Figure 3b).
The critical step of 65% modification resulted in frac-
tions in the range pH 4.15-4.80 (maximum at pH 4.55)
(Figure 3c). At an extreme degree of succinylation (93%)
a sharp fraction with a shoulder appeared focusing, respec-
tively, at pH 4.20 and 4.50 (Figure 3d). In fact, this frac-
tion consists of three sharply separated zones in the iso-
electric focusing column corresponding to modified sub-
units.

Functional Properties. Kinetics of Adsorption and
Pressure Isotherm at the Air/Water Interface. The
adsorption of the protein samples at the air/water inter-
face was followed by either the pressure isotherms (Fig-
ure 4) or the kinetics of adsorption (Figure 5). The pres-
sure isotherm was only established for the native and
the highly succinylated (83%) samples, because of the
small amounts of the other samples available. It was
observed that the same plateau value was reached (about
25 mN/m) and that, at lower concentrations, the succi-
nylated sample was more efficient to increase the sur-
face pressure. The general profile of the isotherm was
not, however, drastically changed by succinylation. The
slope of the increasing part and the =, plateau were not
very much affected, neither was the lower concentration
corresponding to the beginning of the plateau (16.7 X
1078 g/mL).

The kinetics of surface adsorption were studied for three
concentrations, one of them in the increasing linear part
of the isotherm (4 X 107® g/mL) and the two others in
the plateau region (20 and 40 X 10¢ g/mL). The equi-
librium surface pressure (r,) generally increased with the
level of succinylation until a degree of modification of
about 66% (Figure 5). A further increase of the level of
succinylation (to 83%) decreased w,. Succinylation
resulted, moreover, in a decrease in the time (t,) neces-
sary for reaching the equilibrium. This effect was more
pronounced at higher concentrations where ¢, dropped
from 28 h for the native protein to 18 h even after a weak
modification, without further changes at higher degrees
of succinylation. At the lowest concentration (4 X 107
g/mL), this effect was only observed above 66 % modifi-
cation, where t, amounted to 21 h (Table I).

The analysis of the kinetics by the commonly used plots
In (dn/dt) = f(x) and In (1 - =/x,) = f(t) brought about
four steps for the interface adsorption of each sample, as
it was previously observed for model proteins (Graham,
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Figure 3. Isoelectric focusing of the native and succinylated protein samples (elution buffer: Tris—SDS, pH 7): (a) native; (b) 29%,
(c) 65%, and (d) 93% succinylated samples.

the different steps were ruled successively by the diffu-

1976) or oligomeric seeds globulins (Dagorn-Scaviner et
sion of protein molecules to the interface (step 1), by their

al., 1986). According to the studies of Graham (1976)
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Figure 5. Adsorption kinetics (interface air/water): (@) native
protein; (Q) 19.4%, (A) 60.2%, (4A) 66.0%, and (®) 83.5% suc-
cinylated proteins. Concentration 4 X 107 g/mL.

penetration into the film layer (step 2), and by molecu-
lar rearrangements within the adsorbed layer (step 3). A
short former latent step (step zero) was also seen, which
was previously described by other authors (Tornberg, 1978;
Dagorn-Scaviner et al., 1986).

The characteristics of each step are summarized in Table
I. The very short latent step did not exceed 3% of the
total time of the kinetics for each sample. During this
time, the native protein induced a change of surface pres-
sure of 4.6%, whereas the modified proteins showed a
higher effect increasing with the degree of modification
from 7% at 19% succinylation to 15% at 83% succiny-
lation. ‘

The diffusion step was also relatively short (1.6-
2.0%). The time for diffusion did not show a depen-
dence on the level of modification (the 19% succiny-
lated sample was an exception with 10%). The relative
change of interfacial tension in this step was 25% for
the native protein and significantly higher for the mod-
ified samples (31-60%). The rate constant of step 1
increased also with the degree of modification. Assum-
ing that this step is mainly ruled by diffusion, it may be
related to the fact that highly succinylated proteins con-
tained components with lower molecular weight. The
native globulin, as well as 90% of the 19% modified pro-
tein, sedimented around 12S and have an average rate
constant around 1.5 X 107* s, On the other hand, when
the degree of succinylation was over 60%, high amounts
of 38 components appeared, leading to a higher rate con-
stant of about 4.5 X 1074 s7* (Table I).

As generally observed, the energy barriers (AA) were
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low for all samples in this step and did not show differ-
ences between the native and the modified proteins.

The penetration step (2) (Table I) was characterized
by a long duration for the native and weakly (19%) suc-
cinylated protein, amounting to 50-60% of the total time,
and a significantly shorter duration for the highly mod-
ified (higher than 60% succinylation) samples. The change
of =, by the native protein was the highest one during
the total adsorption process, amounting to 66% of the
change. The modified proteins caused a change of 30—
40% of =, without a direct relationship with the level of
succinylation. The energy barriers (AA) and the rate con-
stants (R) were increased by the highly (higher than 60%)
modified proteins in this step.

The step of rearrangement (3) (Table I) was signifi-
cantly shorter (33-36% of the total time) for the native
or weakly modified proteins than for the highly (higher
than 60%) succinylated ones (about 80% of the total time).
The latter produced a pressure variation of 8-16% com-
pared to the former ones that led to a change of 2-4%
only. Table I shows also an increase of the energy bar-
rier for all succinylated proteins irrespective of a clear
dependence on the extent of modification. Neverthe-
less, the change of the rate constant (R) was less signif-
icant in this step.

Foaming Properties. Figure 6 and Table II show the
kinetics of collapse of the foam of the native and succi-
nylated rapeseed globulin in comparison with BSA. Tak-
ing into account the initial conductivity C; as a measure
of the foam capacity, one can notice that it was improved
at high degrees of modification. C; of highly modified
proteins reached a value of 1100 xS/cm whereas it was
only in the range 860-910 1S/ cm for the native and weakly
modified samples.

The two measures of foam stability (¢, ,, and FSI) rep-
resent different stages of foam destabilization. Whereas
t1,q reflects an early stage of foam destabilization, FSI
gives information about the state of the foam just before
its collapse. t,,, describes therefore the capability of the
protein to diffuse at the interface and to be adsorbed
very quickly, stabilizing the air bubbles just after forma-
tion. Contrary to that, FSI, as a measure of coalescence
phenomena, is more related to the protein film charac-
teristics.

The modified proteins showed higher foam stability
compared to the native one, especially for the higher degree
of modification (Table II). The ¢,,5, which was around
12.6 s for the native protein, reached, respectively, 36
and 41 s in the case of the 656% and 93% succinylated
samples. It still remained lower than the corresponding
value of BSA (75 s). The FSI of the native globulin,
amounting to 49 min, increased just after a moderate level
of succinylation of 28% and reached values of 64—68 min,
which were higher than that of BSA (62 min). It seems
consequently that succinylation mainly improves the effi-
ciency of the protein in limiting the coalescence; the abil-
ity for stabilizing the air bubbles just after their forma-
tion is not so much increased in proportion, taking BSA
as a reference.

These results were also discussed on the basis of the
rate constant values (a), obtained by using the In [(C -
C")/C;] versus time plot as previously explained (Figure
1b). Step 1 considered as mainly related to the drain-
age, because most of this phenomenon generally took place
just after foam formation, is characterized by a rate con-
stant related to the ability of the protein to adsorb quickly
at the interface and to stabilize the air bubbles. On the
other hand, step 3 reflects the collapse of the air bubbles
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Table I. Characteristics of the Adsorption Kinetics of the Rapeseed Globulin (Native and Succinylated) at the Air/Water
Interface (Buffer, Phosphate, pH 9.2; Concentration, 4 X 107¢ g/mL)

A, An/7,, At, At/t,, AA, R, Tey Lo
protein step mN/m % min % A2 107/s T mN/m h
native 0 0.8 4.6 10.5 0.7
1 4.3 25.0 26.5 1.8 20 1.9 14h 17.2 24
2 11.4 66.3 883.0 61.3 127 0.6 46h
3 0.7 4.1 520.0 36.1 251 0.4 6.9h
succinylated, 19.4% 0 2.0 10.5 39.0 2.7
1 11.3 59.5 146.0 10.1 28 1.2 2.3h 19.0 24
2 5.3 28.0 775.0 53.8 238 0.6 46h
3 0.4 2.1 480.0 33.3 909 0.4 6.9h
succinylated, 60.2% 0 1.7 7.7 15.2 1.0
1 10.5 417 30.0 2.0 0 4.0 41.6 min 22.0 25
2 7.0 31.8 200.0 13.3 158 1.0 2.7h
3 2.8 12.7 1255.0 83.6 432 0.4 6.9h
succinylated, 66.0% 0 2.0 8.7 12.2 0.9
1 9.4 41.2 23.3 1.8 13 4.3 38.7 min 22.8 21
2 9.5 41.6 260.0 20.6 146 1.1 2.5h
3 1.9 8.3 965.0 76.6 620 0.7 3.9h
succinylated, 83.5% 0 3.2 15.3 124 1.0
1 7.8 37.3 19.4 1.6 13 5.0 33.0 min 20.9 20
2 6.5 31.1 158.0 13.1 199 1.1 25h
3 3.4 16.2 1010.0 84.1 350 0.5 5.5h

@ Key: Aw, contribution of the step to the increase of interfacial pressure; =, equilibrium interfacial pressure; ¢, equilibrium time; AA,

energy barrier; R, rate constant; r, relaxation time.

(pS/cm)

Conductivity

— v Y +
10 15 20 25 30
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Figure 6. Kinetics of foam destabilization (buffer, pH 9.2):
(®) bovine serum albumin; (W) native globulin; (Q) 28%, (a)
65%, and (A) 93% succinylated proteins.

and is more related to the behavior of the adsorbed film.
As shown in Table II, it was clearly observed from «;,
a,, and «ag values that an increasing degree of succinyla-
tion makes easier the adsorption of the protein and sta-
bilization of bubbles. These « values were, however, higher
than the BSA ones, even for the highly succinylated sam-
ples; that agrees with our previous data relative to ¢, ,.
The results corresponding to step 3 showed that collapse
is more effective for native and weakly modified pro-
teins. The electrostatic repulsions between bubbles are
more important for highly modified proteins because of
a higher charge of the adsorbed film.

Emulsion Stabilization. Figure 7 shows the develop-
ment of flocculation—creaming of the native and the dif-
ferently modified proteins in the water/dodecane sys-
tem. The analysis of each step of the kinetics is reported
in Table III.

According to the speed of water-phase separation, and
the amount of separated water, the proteins studied fell
into two groups, one of which comprises the native and
weakly (28% ) modified proteins having a weak stabiliz-
ing effect. The second group includes the highly (=65%)
modified samples showing a greater effect of stabiliza-
tion. BSA as a standard protein gave intermediate results.

The analysis of the three steps of the kinetics revealed
characteristic differences in the kinetic constants (3) and
duration time (At). Generally, the duration time of steps
1 and 2 (At; and At,) corresponding to the flocculation-
creaming process was higher for the modified proteins,
whereas the third step did not show differences in Ats.
The differences between 8 of the various proteins stud-
ied are most pronounced in the first step, reflecting a
significantly quicker destabilization of the emulsion in
the presence of the native protein (8; = 14.1 X 107*s™)
than for the highly succinylated samples (8, = 3.5 X 10™
s!), whereas the weakly modified protein gave an inter-
mediate value (8, = 8.3 X 10 s™!). §; and At, of BSA
were similar to those of the highly succinylated proteins.
The second step of kinetics showed only small differ-
ences of 3, between the unmodified (8.3 X 10 s™?) and
the highly modified samples (7.5 X 107 s71), whereas the
moderately succinylated samples had values of (3.8-5.8)
X 107* 571, Similar behavior was observed in the third
step; 85 was 1.6 X 107 57! for the 29% modified protein,
whereas the highly modified samples led to values (8; =
(2.5-2.8) X 107* s71) closer to that obtained for the native
globulin (8; = 3.3 X 107 s7%).

A comparison of the volume fraction &, of the apolar
phase in the creamed phase showed the lowest values for
the highly modified proteins (®, = 0.47-0.49) and nearly
comparable values between those of the native globulin
(0.55) and BSA (0.53), which underscores the higher emul-
sion stabilization efficiency of the rapeseed globulin at a
high level of succinylation.

DISCUSSION

The change in the functional properties of the 12S glob-
ulin depending on the degree of succinylation can be
explained by the structural alterations of the proteins,
taking into account the change in molecular mass (dis-
sociation) and shape (unfolding) as well as the increase
of negative charge resulting in an increase of hydration
of the protein molecules. Generally, these alterations
improve the surface activity at the air/water interface
as well as the foaming properties and emulsion stability
of the native protein under the conditions applied in this
paper.

From a structural point of view, one can expect the
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Table II. Foaming Properties (Buffer, Phosphate, pH 9.2; Concentration, 1 mg/mL)

1st step 2nd step 3rd step
degree of C;, t1/2 FSI, Aty, ay, Aty, Qg, Atg, ag,
protein succinylation uS/cm ] min min 107%/s min 107%/s min 1074/s

BSA 0 1060 75.0 61.2 0.83 119.0 1.67 36.3 7.50 11.0
native globulin 0 870 12.6 49.0 0.25 238.0 0.95 89.0 7.80 30.8
succinylated globulins 28 860 16.5 68.0 0.40 225.0 0.80 107.6 2.80 41.0
29 910 23.1 65.6 0.50 122.0 0.50 64.1 4.00 21.3

65 1120 36.5 68.0 0.50 159.0 0.70 73.5 3.80 25.8

83 970 19.5 94.6 0.60 152.0 0.60 83.0 4.80 28.6

93 1160 41.0 64.0 0.25 141.0 0.80 63.8 3.80 18.5

@ Key: C,, initial conductivity; ¢,,,, time corresponding to C;/2; FSI, foam stability index (C,At/Ac); At;, duration of each step; «;, rate

constant for each step.

Separated aqueous phase (ml)

’ ] j 2‘0 ' 4‘0 l 60
Time (min)
Figure 7. Kinetics of emulsion destabilization (buffer, pH 9.2):
(@) bovine serum albumin; (W) native globulin; (Q) 28%, (A)
65%), and (A) 93% succinylated proteins.

highest change of functionality of the protein above the
65% critical level of modification. Most of the rapeseed
globulin is dissociated, leading to unfolded subunits. This
unfolding results in a viscosity increase and in interac-
tions between the polypeptide chains that may over-
come the repulsive effects of the negative charge (Sch-
wenke et al., 1980, 1986; Prahl and Schwenke, 1986). These
effects are to be discussed on the basis of the interface
adsorption data, in interpreting the stabilization proper-
ties of the highly succinylated protein for foams and emul-
sions.

The differences in the adsorption kinetics of the native
and the succinylated samples reflect indeed the struc-
tural changes and the charge increase (Table I). Increas-
ing the degree of modification did not modify very much
the duration of the step 0. On the other hand, it increases
significantly the contribution of this step to decrease the
surface tension. According to Blank et al. (1975), this
preliminary step mainly results from an electrostatic bar-
rier to adsorption, due to water molecules oriented at
the interface. Adsorption of the first protein molecules
disorganizes this water interface layer and induces posi-
tive surface pressure. Therefore, this last phenomenon
seems to be more efficient for succinylated protein, prob-
ably because of their charge.

The comparison of the behavior of the native and weakly
(19%) modified samples in the other steps of kinetics
points to a significant influence of small changes in the
charge and size of the protein molecules. Those induced
a remarkable change of surface tension in the diffusion
and penetration steps (Aw/m, amounts to 60 and 28%,
respectively, of the total) and a significant increase of
the energy barrier in the steps of penetration (AA,) and
rearrangement (AA4). The latter ones ought to be caused
by electrostatic repulsion.

In the case of highly succinylated samples, the energy
barriers (AA,, AA,) were smaller in these steps than for
the weakly modified ones, although the negative charges
are much more increased. Apparently, the electrostatic
barrier due to these charges was compensated by the decay
of the big oligomeric 128 molecule into dissociated mol-
ecules that decreased the steric barrier. Furthermore,
protein—protein interaction between hydrophobic regions
exposed after the unfolding of the protein might be taken
into account.

The more obvious phenomenon is the existence of small
dissociation products that led to an increase of the speed
constant in the first step of kinetics corresponding to the
diffusion. Moreover, the high charge density of the strongly
succinylated proteins is obviously responsible for prolon-
gation of the third step consisting of the rearrangement
of the molecules at the interface.

Since an investigation of succinylated oligomeric pro-
teins by means of comparable methods is not described
in the literature, the present results were compared to
the only ones available on plant seeds oligomeric pro-
teins reported by Dagorn-Scaviner et al. (1986) and con-
cerning the interface adsorption kinetics of pea legumin
(128 protein) and vicilin (7S protein). The =, plateau
value at the air/water interface was found around 25 mN
m™! for vicilin and legumin, which is very close to the
values obtained for native or highly modified rapeseed
128 globulin, Moreover, it was concluded, as here for
the dissociated polypeptide chains, that the higher dif-
fusion rate of vicilin to the interface compared to legu-
min was due to its lower molecular weight.

On the basis of the isotherms (Figure 4), it seems that
the equilibrium state of adsorption was not so different
between the native and the 83% succinylated proteins.
The interface areas per molecule in the adsorbed mono-
layer, calculated from the slope of the adsorption iso-
therm (Graham, 1976), were 0.81 and 1.25 nm?, respec-
tively. These values are close to the corresponding one
obtained by Dagorn-Scaviner et al. (1986) for pea legu-
min (1.04 nm?).

From these results on adsorption, we may conclude that
succinylation affects more the kinetic parameters (rate
constant of diffusion, energy barriers) of the adsorption,
due to the size and charge of the modified proteins, than
the equilibrium characteristics. The foaming and emul-
sifying properties of the succinylated samples were dis-
cussed with regard to this conclusion.

It is interesting to note that the succinylation exerts
various effects on the foaming capacity and the foam sta-
bility. The foaming capacity (C;) (Table II) increased
with a higher degree of succinylation; it is related to the
higher rate constant for the diffusion of the dissociated
components to the interfacial layers as established by
the kinetic studies on interface adsorption (Table I). This
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Table III. Emulsifying Properties (Buffer, Phosphate, pH 9.2; Concentration, 1 mg/mL)

1st step 2nd step 3rd step
degree of Ve, Aty, 81, Aty, B, Atg, 33,
protein succinylation mL o, min 1074/s min 1074/s min 1074/s

BSA 0 5.3 0. 15 3.6 13 6.8 32 2.8
native globulin 0 5.5 0.55 7 14.1 7 8.3 46 3.3
succinylated globulins 28 5.7 0.58 13 8.6 17 5.8 30 2.1
29 5.8 0.59 11 9.3 15 3.8 34 1.6

65 4.9 0.49 22 3.6 8 0.8 30 2.5

66 5.4 0.54 17 5.3 7 1.5 36 3.8

83 4.6 0.46 15 4.0 13 7.5 32 2.8

93 4.7 0.47 20 3.5 6 7.5 34 2.5

® Key: V,, aqueous phase volume at equilibrium; ®,, volume fraction of organic phase in the creamed phase (¢, = 2.5 mL/(10 mL - V,));

At;, duration of each step; 3;, rate constant for each step.

kinetic parameter could explain the higher ability of these
molecules in stabilizing the air bubbles just injected
through the protein solution. The better foam-stabiliz-
ing effects of highly succinylated proteins (increasing ¢,
and FSI; lower « values) (Table II) have to be related to
the electrostatic repulsive effects between the air bub-
bles, which are due to the increasing charge of the adsorbed
proteins. That is probably reinforced by the better rheo-
logical properties of the interfacial layers according to
the increased viscosity of the succinylated proteins. Dis-
sociation into subunits, significant increase of the nega-
tive charge, and the viscosity occurring for degrees of suc-
cinylation above 65% explain the fact that only highly
modified proteins exhibit improved foaming properties.

The peculiar behavior of the 83% succinylated sam-
ples (Table II) needs an explanation considering a simul-
taneous influence of particle size and shape as well as
charge effects. Its low stabilization ability in the first
steps of foam breaking (decrease of ¢, ;) could be related
to its lower efficiency to decrease the surface tension (Fig-
ure 5). Its high stabilization effect in the last step (high-
est value of FSI) has to be discussed with regard to the
increase of the negative charge. It might signify that,
for highly succinylated protein, an optimized balance has
to be found between size and charge for generating
improved foaming properties. It is probably the case for
the 93% modified protein sample.

Although it was found in some succinylated proteins
a decrease of foam stability with increasing degree of mod-
ification (Schwenke and Rauschal, 1983; Schwenke et al.,
1983D), this effect was not observed in the present study
for the rapeseed globulin. This result agrees with the
previous data reported by Nitecka and Schwenke (1986)
on the same protein. That may be caused by structural
peculiarities of the rapeseed globulin and a beneficial effect
of the distribution of hydrophilic and hydrophobic groups
in the sequence areas exposed by the unfolding of the
protein.

The efficiency of the succinylated samples in stabiliz-
ing emulsions can also be explained by the increase of
the negative charges, as previously done for foam stabil-
ity. The lower values of the creaming-flocculation rate
(B, B3) (Table III) reflect repulsion forces between dode-
cane droplets, stronger when the adsorbed protein lay-
ers are charged. The efficiency of succinylated proteins
in retarding emulsion breaking has also to be related to
the decreasing values of the volume fraction of the organic
phase in the creamed phase (®,) (Table III). Lower &,
values mean that the final packing of the dodecane drop-
lets is less dense for modified proteins and indicate con-
sequently that the effective thickness of the interfacial
layer is larger due to hydration and charge. Higher hydra-
tion of the protein layer is enhanced by the unfolding of
the polypeptide chains. This effect, more pronounced

at a high degree of succinylation, therefore contributes
to the better stabilizing efficiency of the highly modified
proteins. The abnormal behavior of the 66% succiny-
lated sample might be caused by its distribution in dis-
sociated products (Figure 2) (12S besides 7S and 3S in
about equal proportions) and a possibly unequal charge
distribution in the undissociated and dissociated forms.
It was previously observed that emulsifying efficiency of
mixed proteins could be lower compared to that of the
proteins alone (Dagorn-Scaviner et al., 1987). This result
was explained by the authors by “the molecular hetero-
geneity of the interfacial layer, which might induce higher
fragility of the film”.

In conclusion, the kinetic approach applied in this paper
opens new possibilities of derivation of structure—func-
tion relationships for both the foaming and emulsifying
properties. The succinylated proteins appeared to be more
efficient emulsifying and foaming agents, mainly due to
their charge and size. Whereas the effect of modifica-
tion on the equilibrium interfacial pressure is fairly weak,
the kinetics aspects of adsorption seem to be very impor-
tant in explaining these functional properties, this fact
being very consistent with our previous results on pea
globulins (Dagorn-Scaviner et al., 1987). Moreover, the
charge and the unfolding as well as the increased viscos-
ity of the modified proteins induced positive effects on
the stability of foams and emulsions.
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