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for --OH group) and NMR (D~O exchangeable signals}
behavior.

Mass spectra of oxathiolanes iV, VII, IX) showed small
molecular ion peaks. The ion p e a k s obtained due t o the
a-cleavages t o the oxathiolane ring confirming the posi-
tion and n a t u r e of the ring also were observed. A charac-
teristic mass ion at m/z 115 observed in all the spectra,
has been reported earlier as characteristic of oxathiolane
grouping (12). The isomeric n a t u r e of IX was confirmed
by mass fragmentation data shown in Scheme 4. Other
prominent mass ions substantiating the structures have
been elaborated in Schemes 2-4.

Here we observed that/3-mercaptoethanol r e a c t s with
only one oxo group of methyl 9,10-0xooctadecanoate{III),
whereas the ethane dithiol condenses with both the
ketones of III as described earlier (8). This observation
apparently is due t o the difference in the reactivity of fl-
mercaptoethanol and ethanedithiol.

The formation of hemimercaptals (VI, VIII} from I, II
respectively is explained in t e r m s of lesser nucleophilicity
of oxygen than of sulfur. Acetic acid was used in the reac-
tion of III in order t o dissolve the reactant, while I, II
were f o u n d readily soluble in BF3-etherate. T h e r e was no
reaction of IV with/3-mercaptoethanol in BF3-etherate.
The inductive effect caused by the chain and acid carbonyl
g r o u p makes this oxo function less reactive. Steric hin-
drance may also play an important role in the non-
reactivity of this acid.
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The Ionic Modification of the Surface Charge and Isoelectric Point
of Soy Protein
W.S. C h e n a n d W.G. S o u c i e *
Kraft Inc. R&D,801 Waukegan Rd., Glenview, IL 6 0 0 2 5

T h e effect of anionic and cationic binding on the surface
charge of soy proteins was measured by electrokinetic
analysis. All of the ions investigated suppressed the
surface charge of the protein; however, certain multival-
ent ions such as A1 (IID, Fe (III), hexametaphosphate and
tripolyphosphate also altered the isoeleetric point of the
protein. The results indicated the unpredictabil ity of
ionic effects on protein functionality, thus emphasizing
the importance of m a k i n g measurements of protein
charge.

Much effort has been g iven t o understanding of the
functional properties of proteins. Functional properties
of proteins are dependent on their physicochemical
characteristics. For example, effects of ion binding t o
polyelectrolytes have been determined by emulsion
rheology studies (1). The effect of p H and ionic strength
on protein solubility has been determined (2} and is well
known. In the food industry, the emphasis has been on
studying the functional properties of the proteins r a t h e r
than on measurements of the underlying physicochemi-

*Towhom correspondence should be addressed.

cal properties that actually control protein functional-
ity. Because b i n d i n g of either hydrogen ions or salts
affects protein functionality by modifying the electri-
cal properties of the protein, a m e t h o d was used t o
m e a s u r e t h e s e electrical properties. The method chosen
was electrokinetic analysis {3,4}, and the results of an
electrokinetic s t u d y on the effect of p H and ionic
modification of soy protein isolate are reported herein.

MATERIALS A N D METHODS

Soy isolate was from Kraft, Inc., Glenview, Illinois. O t h e r
chemicals were of reagen t grade. Electrokinetic analysis
was performed either by a S y s t e m 3000 Electrokinetic
Analyzer IPenKem, Inc., Bedford Hills, New York} or by
a Zeta Meter, {Zeta Meter, Inc., New York, New York}.
The methods described in the instruction manua l s {3,4}
for the electrokinetic equipment were followed t o make
mobility determinations. The ionic s t r e n g t hof solutions
was measured as specific conductance (micromhos/cm)
u s i n g either the System 3000 Electrokinetic Analyzer or
the Zeta Meter.

Soy protein isolate concentration was 0.28 mg/ml
{solids basis} in distilled water. A b o u t 50-100 ml of
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MOBILITY VS SPECIFIC CONDUCTANCE
SOY ISOLATE
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F I G . 1. M o b i l i t y u n i t s are 10-" m/sec/volt/m, p H = 7.0. P r o t e i n concentration w a s 0.28 m g / m l . T h e pI i s a t zero mobility. C o n d u c t i v i t y w a s
a d j u s t e d u s i n g s o d i u m chloride. 1500 m i c r o m h o s / c m is a b o u t 11 m M s o d i u m chloride.

solution was sufficient to generate a single mobility vs
p H profile. The p H of t h e soy solution was adjusted
u s i n g 0.1 M HC1 or 0.1 M NaOH. Mobilities were
determined a t p H increments of from .1 to 1.0 p H uni t ,
depending on t h e response of mobility to t h e p H
adjus tmen t . Once t h e sample was loaded into the
ins t rument , t h e specific conductance was determined
followed by measurement o f t h e electrokinetic mobility.
The mobility data were then p lo t t ed a g a i n s t p H in o rde r
to generate the electrokinetic mobility vs. p H profiles.
One mobility unit is defined as 1.0 X 10-8 m/sec/volt/m.
Mobi l i ty vs p H profiles were taken where the specific
conductance was constant. Fo r comparat ive purposes,
zeta potentials, in millivolts, can b e es t imated by
multiplying mobility values by the fac to r 1.3 X 109. Fo r
example, a mobility o f - 1 . 0 X 10-~ m/sec/volt/m is
approximately - 13 mV in zeta potential. The isoelectric
po in t o f t h e protein (pI} is the p H where t h e net
electrokinetic mobility (or zeta potential} is exactly zero.

R E S U L T S A N D D I S C U S S I O N

The charge on a protein molecule is due t o t h e ionization
of amino acid functional groups. Ionic s t r e n g t h of the
solvent therefore affects the extent o f dissociation of
t h e s e functional groups, al ter ing protein charge and

consequently electrokinetic mobil i ty. Figure I shows the
effect o f ionic s t r e n g t h on t h e mobility of soy iso la te
{specific c o n d u c t a n c e was used t o measure ionic
strength} a t p H 7.0. The ionic s t r e n g t h o f t h e protein
solution was ad ju s t ed by add ingsod ium chloride. Not ice
in Figure 1 t h a t the mobility was reduced biphasically.
A t low ionic s t r e n g t h the mobility was very sensitive to
concentration whereas a t specific conductances g rea te r
than 1500 micromhos/cm I t 1 l mM NaC1} t h e decrease in
mobility was less rap id . Visual observation of soy
proteins indicated aggregation a t zeta po ten t i a l values
less nega t ive t h a n - 1 . 5 mobility uni t s {-20 mV} which
is somewhat more e lec t ronega t ive t h a n t h e - 1 . 1
mobility uni t s ( - 1 4 mV} s t a t e d by Riddick (5} as t h e
po in t of aggregation for colloids in general. Soy iso la te
has a mobility of - 1 . 5 uni t s a t t h e steeper part o f t h e
curve in Figure 1. T h u s , s m a l l increases in salt
concentration above 1000 micromhos/cm (<8 mM NaC1}
may cause soy proteins to aggregate because t h e soy
mobility reaches the cri t ical va lue of - 1 . 5 mobility
units. A t values g rea te r t h a n 1500 micromhos/cm soy
protein was aggregated and susceptible t o precipitation.
The explanat ion for the decrease in mobility as ionic
s t r e n g t h increases is t h a t more ions are packed closer t o
the protein surface, resu l t ing in the reduction of t h e
electrical double layer thickness (9}. Reduction in t h e
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CALCIUM EFFECT ON SOY ISOLATE MOBILITY
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FIG. 2 . Mobi l i ty uni t s are 10-~ m/sec/volt/m. The pI i s at zero mobi l i ty . (x), no calcium added. (-F), 1 mM calcium chloride added.
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FIG. 3. Mobi l i ty uni t s are 10 -s mlseclvoltlm. The pI i s at zero mobi l i ty . (x), no a d d e d a luminum. (+), 1 mM a d d e d aluminum chloride.
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double layer thickness results in a decreased mobility
(zeta potential). Electrostat ic repulsions are reduced
sufficiently t h a t t h e part icles can approach each o t h e r
closely enough for v a n d e r Waals forces t o predominate
(9). Equa t ions relat ing the effect of ionic s t r e n g t h on t h e
electrical double layer can be found in several texts
(7,10). Although electrostatic effects are very important
for protein s tabi l i ty in aqueous solutions, it should be
n o t e d t h a t hydrophobic effects are also very important
(11).

In Figure 2 the mobility of soy isolate in 1 mM
calcium chloride is compared to a control t h a t contained
no a d d e d calcium. The specific conductance of t h e 1 mM
calcium chloride solution was a b o u t 200 micromhos/cm,
a n d a t p H 7.0 t h e soy mobility was a b o u t - 0 . 6 mobility
units. Note in Figure 1 t h a t a t 200 micromhos/cm the
mobility was a b o u t - 2 . 5 mobility u n i t s . Therefore, in
t h e absence of o t h e r contributing factors the mobility of
soy in 1 mM calcium should have been - 2 . 5 mobility
uni t s also. Obviously t h e soy mobility in calcium was
much less t h a n - 2 . 5 units; therefore, electrostatic
b ind ing in calcium chloride solutions was much grea te r
t h a n in sod ium chloride solutions. Tay lo r and Bosmann
(12) have also observed this effect for calciumbinding to
reovirus (a class o f animal viruses) coat proteins. A t p H
values above the isoelectric po in tmult ivalent cations are
much more effective a t pene t ra t ing the hydrodynamic
boundary of a negatively charged surface t h a n are
monovalent cations (12). The resul t is a decrease in zeta
po ten t i a ldue t o mult ivalent ca t ion binding. The calcium
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binding was very effective in reduc ing t h e nega t ive
charge on t h e protein a t p H values near neutra l i ty (Fig.
2); however, calcium ion bind ing was not s t r o n g enough
a t p H 4.5 t o compete with t h e hydrogen ions, and t h e p I
(pH where net mobility is zero) o f soy protein was n o t
sh i f t ed in the presence of calcium ion (Fig. 2). The
specific b ind ing of ions t o proteins is well known (13),
and Klotz (14) described t h e b ind ing of calcium t o casein
by application of the law of mass ac t ion t o ion bind ing by
proteins. Coagulation o f milk casein micelles has been
a t t r ibu ted t o electrostatic interactions be tween t h e
negatively cha rged casein and various cationic species
(15-18). Since t h e mobility of the protein was well be low
- 1 . 5 uni t s a t all p H values above t h e p I (Fig. 2),
electrostatic repulsion was not sufficient t o p reven t
aggregation and the pro te ins precipitated.

A s expected, t r ivalent cations were found to have an
even grea te r effect on soy protein mobility t h a n diva lent
ions. In Figure 3, the effect of add ing 1 mM aluminum
chloride is compared t o t h e un t r ea t ed control. A g a i n , the
ionic s t r e n g t h effect is not enough to explain the resul t s
because a t p H 7 the conductivity o f t h e aluminum
chloride solution was approximately 400 micromhos/cm,
whichwould give a mobility o f approximately - 2.0 mobility
uni t s (Fig. 1). I n s t e a d , t h e mobility a t p H 7 was
approximately +1.0 un i t . Not only was the mobility
reduced, b u t the net charge on the protein was reversed
from negative t o positive in the presence o f 1 mM
aluminum. The resul t s are consistent with the Schulze-
Hardy rule whichs t a t e s t h a t t h e electronegative colloids

EFFECT OFANIONS ONSOY ISOLATE MOBILITY

14
0
B
I
L
l
T
Y

4 -

- 2

--4.

2 . 5

r
A

. . . . . . . . . I . . . . . . . | ' 1 . . . . . . . . . ! . . . . . . . . . | . . . . . . . . . I . . . . . . . . . | . . . . . . . . . !

3 . 5 4 . 5 5 . 5 0 . 5 7 . 5 8 . 5 0 . 5

Ptl
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are flocculated b y ions according to the following order:
t r ivalent > diva lent > monovalent (6,9}. The r e v e r s e of
t h e protein surface charge is m o s t likely explained b y
preferential counter-ion bind ing of aluminum which,
according t o Shaw, could cause a reversa l of charge in
t h e ionic double layer (8). Figure 3 also shows a
significant shift in t h e p I of the protein from a b o u t a p I
o f 4.5 t o a p I of 7.7. This shift in p I is indicative of
specific ion interaction with the protein {12}, a n d it is
reasonable t o assume t h a t the interaction would be
be tween t h e amino acid carboxyl g r o u p s and t h e
aluminum ions. Binding of molecules t o pro te ins may be
due to nonspecific van der Waals interactions (19};
however, t h e decrease in mobility in Figure 3 is evidence
t h a t electrostatic ion bind ing t o specific s i tes is also
significant.

Potentiometric t i t ra t ion with hydrochlor ic acid
showed t h a t the ti tratable equivalents o f carboxyl
groups were reduced when soy protein was in the
presence of aluminum ions {Ford, L.D., Kraft Inc.,
personal communication, 1984}, i.e., some of the aluminum
ions were n o t displaced by protons dur ing the t i t ra t ion .
This decrease in ti tratable anions resu l t ed in t h e
protein charge be ing more positive, thereby shi f t ing the
p I in t h e basic direction.

Binding with aluminum shows how significantly the
charge profile on a protein may be al tered by low
concentrations of t r ivalent ions. Between p H 4.5-7.0
soy protein normally would be negatively charged;
however, in the presence o f aluminum t h e protein was
positively charged.

Not only did di- and tr ivalent ca t ion bind ing al te r
protein charge b u t anion bind ing also influenced protein
mobil i ty. Figure 4 s h o w s t h e effects of sod ium
hexametaphosphate (1 mM), sod iumsul fa te (10 mM) and
sod ium t r ipo lyphospha te (10 mM) on soy protein
mobil i ty. The su l fa te a n d t r ipo lyphospha te sa l t s
decreased t h e mobility a t p H 3.5 from a b o u t + 2.4 uni t s
fo r the con t ro l t o less t h a n +0.6 u n i t s . The tri-
polyphosphate also had a n effect on t h e pI, decreasing
it from 4.6 to a b o u t 4.0. Hexametaphospha te h a d a large
effect on t h e p I of t h e protein. Even at a p H of 3.1 the
protein was still very negatively charged ( - 1.8 mobility
uni t s compared to +2.2 mobility uni t s for t h e control}.

A t p H 4.5, where soy protein is usually insoluble, t h e
hexametaphospha te -bound protein was still qu i te
soluble due to the nega t ivecharge repulsion imparted t o
the protein b y the metaphosphate anion. The c h a n g e in
the mobility of the soy protein above p H 4.5 in Figure 4
can be explained by t h e ionic s t r e n g t h effect a l ready
demons t ra t ed in Figure 1.

Ionic sa l t s were used to modify and con t ro l the protein
charge. Electrokinetic analysis is a useful method fo r
determining the effect of ionic modification of proteins
because t h e charge on the protein surface alters mobility
in an electric field. Unpredictable changes in protein
functionality now may be partly explained t h r o u g h
determinat ion o f protein charge b y electrokinetic
analysis.
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