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Determination of the Binding of Hexanal to Soy Glycinin and 
8-Conglycinin in an Aqueous Model System Using a Headspace 
Technique 

Sean F. O'Keefe,' Lester A. Wilson, Adoraccion P. Resurreccion,t and Patricia A. Murphy' 

Department of Food Science and Human Nutrition, Iowa State University, Ames, Iowa 50011 

The equilibrium binding of hexanal to soybean glycinin and j3-conglycinin has been evaluated under 
several conditions. Binding of the flavor ligand was allowed to approach saturation. In 0.3 M Tris, 
pH 8.0, glycinin and 8-conglycinin had similar affinities, 270 and 303 M-lI respectively. The numbers 
of binding sites for hexanal for glycinin and @-conglycinin were 108 and 26, respectively. Different 
buffer conditions, 0.5 M NaCl with 0.02 ?6 NaN3 or 10 mM j3-mercaptoethano1, changed the number 
of binding sites and affinity for hexanal for these proteins. Positive cooperativity was observed for the 
binding of hexanal to both proteins. ANS surface hydrophobicity and turbidity increases suggested 
that structural changes may occur as a result of hexanal binding. 

INTRODUCTION 

The use of soy proteins as a functional ingredient in 
food products would be increased if the beany off-flavor 
problem is solved (Kinsella and Damodaran, 1980). Off- 
flavor compounds implicated include a number of volatile 
compounds that are formed via lipoxygenase-catalyzed 
oxidation of the unsaturated lipid present in soy (Wolf, 
1975). The compounds include pentanol, hexanol, hep- 
tanol, hexanal, 3-cis-hexenal, 2-propanone, 2-pentylfuran, 
and ethyl vinyl ketone (Hill and Hammond, 1965; Arai et 
al., 1967; Cowan et  al., 1973; Maga, 1973; Sessa and Rackis, 
1977; Rackis et al., 1979; Hsieh et al., 1982). These 
compounds are associated with the proteins in soy and are 
not completely removed by the techniques employed in 
the production of soy protein concentrates and isolates. 
The compounds are carried into the final product and can 
cause unacceptable flavors. The binding of added flavors 
by soy proteins can cause problems in determining the 
appropriate level of flavoring during product formulation 
(Malcolmson et al., 1987). 

Damodaran and Kinsella (1981a,b) have suggested that 
the binding of carbonyl flavor compounds with soy proteins 
is due entirely t6 hydrophobic bonding. However, the 
binding of carbonyl flavor compounds to soy proteins 
cannot be easily explained as resulting from hydrophobic 
bonding alone. The lack of interaction of hexane (This- 
sen, 1982), carboxylic acid (Beyeler and Solms, 1974), and 
alcohols (Gremli, 1974) is not explained. The binding 
parameters obtained by O'Neill and Kinsella (1987) and 
Damodaran and Kinsella (1981a,b) must be viewed with 
caution because the binding site number and constants 
were obtained by extrapolation of very small portions of 
the binding curves, because the proteins used in the earlier 
study were partially purified, and because 2-mercapto- 
ethanol or sodium azide used in their studies may affect 
binding constants and sites. For these reasons, the binding 
of hexanal to purified soy proteins was examined. 
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MATERIALS AND METHODS 
Purification of Soy Proteins. Vinton 81 soybeans were 

obtained from the Agronomy Department at Iowa State Uni- 
versity. The beans were stored in a cold room at 5 "C in a tightly 
closed container until use. The beans were ground in a spice 
mill, and the lipid was extracted by stirring the ground beans 
with numerous changes of Skelly B (soy:solvent, 1:5 v/v) at room 
temperature until no further lipid was extracted; usually, about 
10 solvent changes were necessary. The defatted soy was further 
ground in the spice mill and passed through a 60-mesh sieve to 
remove hull fragments. A crude protein fraction was prepared 
by using the method of Thanh and Shibasaki (1976) with the 
following modification. In place of two isoelectric precipitations 
at pH 6.4 and 4.8, three precipitations were done at pH 6.4,6.3, 
and 4.8. The fraction precipitating at pH 6.4 was crude glycinin, 
the fraction precipitating at pH 5.3 contained a mixture of gly- 
cinin and 8-conglycinin and was discarded, and the fraction 
precipitating at pH 4.6 was crude 8-conglycinin. Sodium dode- 
cy1 sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
showed that the crude glycinin fraction was contaminated with 
8-conglycinin and vice versa. The precipitated fractions were 
resolubilized in phosphate buffer (45 mM phosphate, pH 7.4,lO 
mM 2-mercaptoethanol, 0.02% sodium azide, 400 mM NaCl). 
The crude /3-conglycinin fraction was purified by pasmge through 
Sepharose 6B-C1 twice. The crude glycinin fraction was similarly 
treated, and both proteins were further purified by using con- 
canavalin A-Sepharose 4B (Kitamura et al., 1974). The @-con- 
glycinin was eluted from the concanavalin A column with the 
phosphate buffer containing 0.01 M methyl "annoside. Frac- 
tions were collected each 30 min (13 mL), protein was determined 
by UV 280-nm absorption, and the fractions of interest were 
concentrated by using ultrafiltration with 50K Nucleopore 
membranes. The proteins were stored at 5 "C in concentrated 
solution (>40 mg/mL) in phosphate buffer containing 0.02% 
sodium azide and 10 mM 2-mercaptoethanol. 

Before use in the binding studies, the proteins were dialyzed 
at 5 "C again with standard Tris-HC1 buffer (pH 8.0,30 mM) in 
dialysis sacs filled onathird full. The dialysis buffer was changed 
daily for 4 days. The protein solutions were diluted with standard 
Tris buffer to 12 mg/mL and placed in new dialysis sacs, and the 
proteins were further dialyzed for 1 day. The 24-h dialysis of 
diluted protein was done to ensure that the concentrated protein 
did not coat the inner surface of the dialysis bag and inhibit 
equilibrium. The protein solutions were diluted to 10.0 mg/mL 
with standard Tris buffer. Protein concentrations were deter- 
mined by using the Biuret method with BSA standard. The 
duration of the dialysis procedure was 5 days to ensure that the 
buffer transfer was complete and that sodium azide and 2-mer- 
captoethanol were removed. Enough protein was processed at 
one time for 2 weeks of experiments. A total plate count and 
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psychrophile count at  the end of 2 weeks of refrigerated storage 
indicated that bacterial growth was not a problem in the proteins 
(both counts were below 500 organisms/mL). 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro- 
phoresis (SDS-PAGE). The discontinuous method of Laem- 
mli (1970) was used. A 10-15% gradient polyacrylamide gel was 
prepared by using acrylic cells of equal volume. The acrylamide 
to bis(acry1amide) ratio was 37.5:l. The resolving and stacking 
gel pH values were 8.8 and 6.8, respectively. Staining and de- 
staining of the gels were done by using 30% methanol/7% acetic 
acid/O.l% Coomassie Brilliant Blue R and 30% methanol/7% 
acetic acid, respectively. 

Antibody Production and Rocket Immunoelectrophore- 
sis. The method of Murphy and Resurreccion (1984) was used. 

Syringe Calibration. A 1.0-pL syringe was obtained from 
Hamilton (Reno, NV). The calibration of the syringe was 
determined by using a dye-transfer procedure. Briefly, a 40.0 
mg/mL solution of bromophenol blue dye in distilled water, pH 
9.9, was serially diluted from 1:100 to 1:200 OOO, which represented 
concentrations of 0.2-400 ng/pL. The range of 0.2-40 ng/pL 
was determined to follow Beer's law (9 = 0,9999). The 1.0-pL 
syringe was used to transfer 0.05 and 0.10-1.0 pL, in 0.10-pL 
steps, of the concentrated dye solution into 3 mL of distilled 
water brought to pH 9.9 with dilute NaOH. This represented 
concentrations of 0.667-13.329 pg/mL (dilution factor included). 
Care was taken to wipe solution from the needle without wick- 
ing. The absorbance at  540 nm was determined for the serial 
dilutions and the syringe-transferred solutions. The theoretical 
and observed absorbances were compared to determine the actual 
volume of dye solution transferred. The 95% confidence limits 
for four independent replications were determined. The syringe 
calibration indicated that the 95 % confidence limit for the actual 
amount of dye transferred encompassed the theoretical value 
from 0.05 to 0.60 pL. Above 0.60 pL, the theoretical amount was 
lower than the 95% confidence limit of the actual amount. The 
percentage of the theoretical value actually transferred above 
0.60 pL ranged from 102 to 104%. These correction factors were 
used in the data analysis. The coefficient of variation (COV) of 
four replications was below 1.3% for all volumes transferred 
except 0.05 pL, for which it was greater than 5 % ;  therefore, this 
level of transfer was not used. The regression of COV against 
level of dye transferred from 0.10 to 1.0 pL was not significantly 
different from zero. 

Determination of Binding. Reaction vials of 2-mL volume 
with caps and Teflon-lined septa were purchased from Supelco 
(SupelcoPark, PA). Smallstirring barswereobtainedfrom Fisher 
Scientific, Inc. (Fair Lawn, NJ). The protein solutions were 
equilibrated at  20 OC before 1.00 mL was loaded into the reaction 
vials. For ligand concentrations ranging from 100 to lo00 ppm 
of hexanal (Aldrich Chemical Co., Milwaukee, WI), the corre- 
sponding volume of ligand was carefully added to the reaction 
tube, and the tube was tightly capped. The additional volume 
added was ignored in calculations. For concentrations from 1 to 
50 ppm, a 100 ppm solution of hexanal in buffer was prepared 
by adding 10 pL of hexanal to buffer in a 100-mL volumetric 
flask previously brought to volume and containing an added stir 
bar (Buttery et al., 1969). The volumetric flask was chosen to 
have a minimum headspace area. The solution was stirred 
overnight. The protein solution (0.5 mL, 20 mg/mL) was loaded 
into a vial, and a combination of buffer and ligand-containing 
buffer was added (0.5 mL) to produce the desired concentration. 
The ligand solution was added last, and new solutions were 
prepared for each of three replications. 

The equilibration time was determined for hexanal at con- 
centrations of 5,100, and 500 ppm. The headspace concentrations 
of the protein solutions and control, containing buffer but no 
protein, were determined after equilibration by using gas chro- 
matography (GC). A 100-pL gastight syringe with replaceable 
plunger tip was obtained from Hamilton. The syringe was kept 
at 35 "C between injections and was cleaned by using a heated, 
vacuum syringe cleaner (Hamilton). The headspace was sampled 
by withdrawing 100 pL of headspace gas and immediately 
injecting onto the GC. The vial was sampled two more times 
where lOOrL of ligand-free gas was injected into the vial to prevent 
vacuum formation. The plunger tip was replaced at least once 
daily to ensure reliability. A Varian Model 2400 (Sunnyvale, 
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CA) gas chromatograph was equipped with a flame ionization 
detector, and a bonded DB-1 Megabore column (30 m X 0.72 mm 
i.d., J&W Scientific Inc., Rancho Cordova, CA) was held 
isothermally at  100 "C. The gas flow rates were 15.5,30, and 250 
mL/min for nitrogen, hydrogen, and air, respectively. Peakquan- 
titation was done with a Beckman 427 plotting integrator. The 
detector and injector temperatures were held at  150 OC. 

The protein molarity was calculated from the protein con- 
centration by using molecular weights of 160 OOO and 320 OOO for 
8-conglycinin and glycinin, respectively (ONeill and Kinsella, 
1987). 

The amount of bound ligand was determined by using the 
equation [bound] = ((B - P)/B)[T], where B is the headspace 
concentration for the buffer blank, P is the headspace concen- 
tration for the protein buffer solution, and T is the total ligand 
concentration. 

Effect of Reducing Agent, Ionic Strength, and Azide on 
Binding. The binding with and without 10 mM 2-mercapto- 
ethanol, 0.5 M NaCl, and sodium azide (0.02%) was determined. 
The solutions were prepared to give these concentrations by 
addition of the reagents to the buffer and protein solutions 
maintaining a 10 mg/mL protein level. 

Determination of Protein Surface Hydrophobicity and 
Reactive Lysine. The method reported by Kamata et  al. (1984) 
was used to determine hydrophobicity. A final volume of 4 mL 
was prepared to contain 8 mg of protein, 125 pM 1,d-anilino- 
naphthalosulfonic acid (ANS), and 30 mM Tris buffer, pH 8.0. 
The tubes were incubated for 3 h. The fluorescent emission was 
recorded at  475 nm after excitation at  395 nm. The hydropho- 
bicity of glycinin and that of 8-conglycinin were determined after 
reaction with hexanal at  five levels: 0,5,100,500, and lo00 ppm. 
The hydrophobicity was determined for glycinin and 8-congly- 
cinin before and after the proteins were heated at  100 O C  for 4 
min to determine if surface hydrophobicity increased with protein 
unfolding. Experiments were done in duplicate. 

The dye binding method of Per1 et al. (1985) was used to 
determine reactive lysine with the following modification. A 
buffered protein solution (3 mL of 50 mg/mL) was used instead 
of dry protein. The reacted solutions were filtered through a 
0.45-pM filter before dilution and absorbance reading. The 
results were calculated as change in Orange G absorbance in 
samples reacted with ligand, 50 and 500 ppm hexanal, and un- 
reacted protein. 

Extraction of Bound Lipid and Determination of Lipid 
Classes. All solvents were of reagent grade and were redistilled 
in glass before use. About 200 mg (5 mL) of the isolated soy 
proteins was extracted with chloroform/methanol (50 mL, 2:l 
v/v) by using a blender. The emulsions that formed were allowed 
to separate overnight in separatory funnels. The organic phases 
were filtered through Celite, and the solvent was removed under 
vacuum. The lipid obtained was dissolved in 20 pL of chloroform. 
The lipid classes triglyceride, free fatty acid, and polar lipid were 
determined by using the thin-layer chromatography flame 
ionization Iatroscan system (Innis and Clandinin, 1981). The 
rods were spotted with 1 pL of the extracted lipid. Standard 
phosphatidylcholine and stearate were obtained from Sigma (St. 
Louis, MO). Corn oil was used as a triglyceride standard. About 
10 pg of each standard was spotted per rod. The solvent system 
was hexane/diethyl ether/acetic acid (97:3:1 v/v). 

RESULTS AND DISCUSSION 

Protein Purity. The SDS-PAGE showed that the 
protein preparations were very pure. Only very minor 
contaminating bands were observed even at high protein 
loads (Figure 1). Modification of the  Thanh and Shiba- 
saki isoelectric precipitation procedure increased the purity 
of the crude @-conglycinin fraction, but the  yield was much 
lower. The immunoelectrophoresis indicated that there 
was no immunoreactive glycinin in the 8-conglycinin 
preparation, and the glycinin preparation contained only 
0.06 % 8-conglycinin. The protein load used to determine 
extremely small amounts of cross contamination was 100 
bg. Under the conditions employed, the minimum de- 
tectable amount of protein was about 25 ng. 
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Figure 1. Polyacrylamide electrophomis of purified soybean 
glycinin (left lanes) and 8-conglycinin (right lanes); 100 pgllane. 

Lipid Bound to Purified Proteins. The Iatroscan 
analysis of the extracted lipid indicated that polar lipid 
predominated, although trace amounts of triglycerides and 
free fatty acid also were present. The estimated quantities 
of polar lipid were 2.23 and 1.49 mg/g for glycinin and 
@-conglycinin, respectively. The minor amount of polar 
lipid bound to the protein would likely be removed 
completely only by use of solvents more polar than al- 
kanes. The effect of bound lipid on ligand binding would 
be difficult to establish because removal with polar solvents 
would likely involve protein denaturation. An unambig- 
uous identification of what polar lipid classes are involved 
would allow the study of the effects of addition of small 
amounts of lipid to the protein and of the effects of this 
binding on ligand-protein interactions. 

Binding of Hexanal to Glycinin and @-Conglyci- 
nin. The linear regression of the repeated sampling of 
the headspace vials revealed no significant change in head- 
space concentration over five injections a t  50, 500, and 
loo0 ppm of hexanal ( P  < 0.05). This indicated that the 
amount of dilution taking place did not affect the head- 
space concentration. For both buffer and water, the head- 
space hexanal a t  equilibrium was linear with total added 
hexanal. This demonstrates that saturation of the aqueous 
phase did not take place. All of the hexanal a t  the 
concentrations studied was solubilized, and no emulsion 
droplets formed. 

The binding curve obtained for each protein a t  30 O C  

is illustrated in Figure 2A. Saturation of the binding sites 
seems to have been obtained. The double-reciprocal plot 
of these data is shown in Figure 2B. The curvature of the 
double-reciprocal plot indicates that positive cooperat- 
ivity may be present. The modified doublereciprocal plot 
can indicate the minimum number of classes of sites 
involved in the cooperative effect (Thissen, 1982; Segal, 
1975). In this modification, the reciprocal of the free ligand 
concentration is brought to different powers; the power 
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Figure 2. Binding of hexanal to glycinin and 0-conglycinin. (A) 
Saturation curve. (B) Doublereciprocal plot. 

Table I. Binding Parameters for H e x a d  to Glycinin and 
8-Conglycinin Reacted under Different Conditione 

graph fit Klotz plot Wilkinson (1961) 
and condition n K, M-1 n K, M-1 n K, M-l 

glycinin 
0.03MTris 60 555 84 483 108 i10  270*24 
0.5MNaCl 33 200 43 172 3 8 i 3  238*32 
0.02% NaNs 77 1075 77 1172 7 6 i 3  1250f183 
10mMBME 62 500 122 180 112f10 213f24 

0 . 0 3 M h  21 175 23 1437 26k10 303f30 
0 .5M NaCl 22 500 26 1431 6 8 k 8  125f14 
0.02% NaNs 29 500 40 255 3 2 i 2  417f83 
10mM BME 20 625 36 235 3 2 f 2  303 i33  

8-conglyciniq 

that produces a straight line is the apparent (minimum) 
number of cooperating classes of sites. Segal (1975) 
pointed out that this number is not necessarily an integer 
and is a minimum number because strong cooperativity 
is assumed. The correlation coefficients, obtained for 
different powers, indicated that the apparent number was 
about 1.3 for @-conglycinin and 1.5 for glycinin. That the 
numbers are not integers probably indicates that there 
are two classes, but the cooperativity is not high. 

The numbers of binding sites per protein molecule can 
be estimated from the saturation plots to be about 60 and 
21 for glycinin and @-conglycinin, respectively. The 
double-reciprocal plot binding constant and number of 
sites were quite different as determined by linear regression 
using double reciprocal and by the method of Wilkinson 
(1961) and are illustrated in Table I. The number of 
binding sites obtained from the Wilkinson procedure was 
higher than estimated from the saturation plots: 108 f 
10 and 26 f 10 for glycinin and @-conglycinin, respectively. 
Because of the curvature of the double-reciprocal plot, 
the parameters could not be estimated from least-squares 
regression because of the negative Y intercept obtained. 
The affinity constants obtained indicate that the affinity 
for hexanal was slightly greater for 6-conglycinin than for 



Blndlng of Hexanal to Soy Glyclnln 

glycinin: 303 f 30 and 270 f 24 M-l, respectively. A 
Student's t-test using a pooled variance indicated that 
there was no significant difference between these affinity 
constants (P < 0.05). 

The association of volatile carbonyl compounds with 
aqueous solutions of soy proteins has been studied by a 
number of authors. Arai et al. (1970) have reported that 
the binding constant was greater for hexanal than for hex- 
anol, but the maximum number of binding sites that can 
be estimated from their data was about 1.7 for both 
compounds. Gremli (1974) looked a t  the retention of a 
series of carbonyl flavor compounds by a 5 9% solution of 
soy protein. The retention of aldehydes increased as the 
chain length increased, and unsaturated aldehydes were 
retained to a greater extent than the corresponding 
saturated compounds. Aldehydes were retained to a 
greater extent than corresponding ketones. Alcohols were 
found to have no affinity for the protein. The numbers 
of binding sites that can be estimated from the data 
presented by Gremli (O'Keefe, 1988) are >27 and >8 for 
heptanal and 2-nonanone, respectively. 

Solms et al. (1973) and Beyeler and Solms (1974) 
examined the binding of compounds including butanal 
and 2-butanone to a soy protein isolate. The maximum 
molal binding values that can be estimated from the 
presented curves, by using a realistic molecular weight 
estimate of 220 000, seem to be 80 and 270 for butanal and 
2-butanone, respectively. Solms et  al. (1973) suggest that 
the binding of ligands to hydrophobic regions of soy 
proteins causes protein unfolding, with the creation of 
new binding sites. 

Damodaran and Kinsella (1981a,b) investigated the 
binding of carbonyls to soy proteins. An increase in the 
binding constant as chain length increased for 2-ketones 
was given as evidence that the binding was simply 
hydrophobic. The binding curves presented did not seem 
to show saturation and, therefore, suggest that the number 
of birding sites could have been, a t  least, twice the greatest 
number observed, that is, higher than 4, 7, and 10 for 
2-nonanone, 2-octanone, and 2-heptanone, respectively. 
However, the authors suggested that there were only 4-5 
binding sites from the double-reciprocal (Klotz) trans- 
formation. The molecular weight used in calculations was 
100000, which is incorrect. The binding constant for 
2-nonanone was higher at  5 "C than at  25 and 45 O C  (2000 
compared with 950 M-l). Using semipurified proteins 
obtained from the method of Thanh and Shibasaki (1976), 
Damodaran and Kinsella (1981a,b) reported that the 
binding constant for 2-nonanone with 0-conglycinin was 
much greater than that with glycinin. However, the 
binding curves indicated that glycinin had a sigmoidal 
rather than typical hyperbolic pattern. This suggests that 
positive cooperation was present. Increasing the ionic 
strength of a glycinin solution to 0.5 N caused an increase 
in affinity, and a binding constant of 290 M-' with 8 binding 
sites was reported. 

Thissen (1982) and Wilson (1986) investigated the use 
of a headspace technique to determine binding parameters 
for a series of aldehydes, ketones, hexanal, and hexane 
with a soy protein isolate. The binding curves indicated 
that positive cooperativity was present, and the modified 
double-reciprocal plot indicated that a t  least three dif- 
ferent cooperating sites were present. There was a clear 
effect of functional group because hexane was found to 
have no affinity. The number of binding sites for ketones 
was higher than reported by Damodaran and Kinsella; 50, 
82, 50, and 15 sites were found for C5, C6, C7, and C9 
2-ketones, respectively. Thissen (1982) and Wilson (1986) 
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pointed out that the methods used to calculate the binding 
constant gave greatly different results; for 2-hexanone, 
the binding constants a t  25 "C were 33,1471,146, and 290 
M-1 calculated by using the methods of Damodaran and 
Kinsella (1981a), Beyeler and Solms (1974), Arai et al. 
(1970), and the modified Klotz procedure, respectively. 

O'Neill and Kinsella (1987) examined the binding of 
2-nonanone to purified soy glycinin and 8-conglycinin. The 
protein purification involved a combination of the tech- 
niques of Thanh and Shibasaki (1976) and Kitamura et  
al. (1974). The numbers of binding sites were reported to 
be 2.8 and 9.9, and the binding constants were 3136 and 
539 M-1 for 8-conglycinin and glycinin, respectively, when 
correct molecular weights were used. The difference in 
results obtained by O'Neill and Kinsella (1987) and Da- 
modaran and Kinsella (198lb) was attributed to the use 
of incorrect absorptions of a 1 % solution a t  280 nm in the 
earlier work. The binding curve illustrated for glycinin 
indicated that saturation was not approached. The range 
of moles bound examined for glycinin was only 0.3-1.0. If 
the number of binding sites was truly 9.9, Damodaran and 
Kinsella (1981b) and O'Neill and Kinsella (1987) inves- 
tigated less than 10 9% of the binding curve. Extrapolation 
of a small fraction of a binding curve to obtain binding 
parameters has been criticized (Klotz, 1982, 1986; Klotz 
and Hunston, 1975,1979; Connors, 1987). The proteins 
used by Kinsella et al. were freeze-dried for storage. 
Freeze-drying has been reported to decrease the sulfhy- 
dryl content of glycinin (Hoshi and Yamauchi, 1983) and 
may result in irreversible insolubilization of some of the 
protein (Fukushima, 1980), including 8-conglycinin (Hoshi 
et  al., 1982). The effect of these structural changes on 
ligand binding is unknown. 

There was no measurable absorbance at  540 nm up to 
300-400 ppm of hexanal in the protein solutions. The soy 
protein solutions showed some development of turbidity 
above 300 ppm of hexanal for glycinin and above 400 ppm 
for 0-conglycinin during the 15-18 h used to bring the 
system into equilibrium. The immunoreactivity of the 
two proteins did not change a t  any hexanal concentration 
used in our binding studies nor a t  10 times the higher 
concentration of hexanal reported here. Precipitates could 
not be centrifuged out to estimate how much protein 
contributed to the turbidity. We believe the amounts to 
be extremely low. The turbidity for 0-conglycinin was 
never more than 0.1 at  540 nm nor greater than 0.4 for 
glycinin a t  1000 ppm of hexanal. All other concentrations 
of hexanal produced much lower absorbance values. 

The surface hydrophobicity was determined before and 
after the purified protein solutions were heated on a boiling 
water bath for 4 min. The increase in hydrophobicity was 
much greater for glycinin than for 8-conglycinin; the ratios 
of fluorescent intensity after/before heat treatment were 
4.6 f 0.1 and 2.1 f 0.1, respectively. This agrees with 
Guzman (1984), Yamagishi et al. (19831, and Iwabuchi 
and Shibasaki (1981a,b), who found that the 0-conglyci- 
nin structure was much more heat stable than glycinin in 
a highly purified system devoid of reducing agent as 
determined by immunoelectrophoresis. However, con- 
trasting results were obtained by using differential scan- 
ning calorimetry by Marshall and Zarins (1989). The 
surface hydrophobicity of glycinin and 8-conglycinin 
increased as the level of hexanal increased ( P  < 0.05). 

The decreases in absorbance of Orange G, indicating 
loss of reactive lysine, after reaction with hexanal at  50 
and 500 ppm were very minor: glycinin 0.018 f 0.006 and 
0.015 f 0.003, 8-conglycinin 0.038 f 0.009 and 0.025 f 
0.009, respectively. There were no significant differences 
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Figure 3. Binding of hexanal to glycinin and B-conglycinin in 
model system containing 0.5 M NaCl. (A) Saturation curve. (B) 
Double-reciprocal plot. 

between ligand level or between proteins as determined 
by a Student’s t-test with pooled variance. The changes 
in absorbance were greater for glycinin than for 8-con- 
glycinin, but the changes were small, ranging from 0.013 
to 0.045. However, a Student’s t-test indicated that the 
observed absorbances were significantly different from 0 
(P < 0.05). Per1 et al. (1985) reported that the sensitivity 
of this method was sufficient to detect a 5% change in 
reactive lysine but did not indicate the absorbance change 
that would be expected from such a change. 

The binding of hexanal to the proteins in the presence 
of 0.5 M NaCl is illustrated in Figure 3. The salt increased 
the headspace concentration in the buffer as well as in the 
protein tubes. The results from the Wilkinson procedure 
are shown in Table I and indicate that the presence of 
NaCl decreased the affinity of hexanal for 8-conglycinin 
but had no significant effect for glycinin. The number of 
binding sites decreased to 38 f 3 for glycinin but increased 
for 0-conglycinin to 68 f 8. The saturation plot (Figure 
3A) seems to indicate that the number of binding sites is 
similar for the two soy proteins because saturation seems 
to have been obtained around 22-23 mol bound/mol of 
protein. The double-reciprocal plot (Figure 3B) illustrates 
that the curvature in the glycinin and 8-conglycinin plots 
is enhanced in the presence of NaCl as compared with 
Figure 2B. Damodaran and Kinsella (1981a) reported that, 
in a model system containing 0.5 M NaC1, glycinin had 8 
binding sites with a binding constant of 290 M-’ on the 
basis of 100 OOO molecular weight. The number of sites 
would be about 26 if the correct molecular weight were 
used. The modified Klotz procedure indicated that a 
minimum of 1.5 classes were present for both proteins. 
Again, this possibly is due to two classes having weak co- 
operativity. The soy proteins are known to undergo 
structural changes as the ionic strength is increased from 
0.03 to 0.5 N. At  the higher ionic strength, glycinin is 
expected to exist as a dodecamer “dimer” and 8-congly- 

P-conglycinin 
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Figure 4. Binding of hexanal to glycinin and j3-conglycinin in 
a model system containing 0.02% sodium azide. (A) Binding 
curve. (B) Double-reciprocal plot. 
cinin as a trimer “monomer”. At  the lower ionic strength, 
glycinin exists as a hexamer “monomer” and 8-conglyci- 
nin as a hexamer “dimer”. These changes may indicate 
that binding sites are exposed on the protein surfaces at  
lower ionic strength but are masked when the proteins are 
assembled in mature quaternary structure. 

The binding curves in the presence of 0.02 ?6 NaNS are 
illustrated in Figure 4. Comparison of the saturi$ion 
curves with those obtained in buffer alone illustrates that 
the binding for j3-conglycinin differed very little, whereas 
for glycinin the binding increased more rapidly and 
appeared to reach saturation at  a higher level in the 
presence of sodium azide. The binding constants obtained, 
1250 and 417 M-’ for glycinin and 8-conglycinin, respec- 
tively, are higher than those for buffer alone, whereas the 
number of binding sites decreased for glycinin but not 
8-conglycinin. The double-reciprocal plots did not display 
the curvature observed in the absence of sodium azide. 
This could be because of data for binding a t  low ligand 
concentrations. If the data from 150 to lo00 ppm were 
examined, there would be no curvature in the double- 
reciprocal plots. In studies in which only a small portion 
of the binding curve is examined, the curvature in the 
double-reciprocal plot may be missed. The reason is 
unknown for the increased binding affinity for glycinin in 
the presence of sodium azide. The results are surprising 
because Damodaran and Kinsella (1981a) reported a low 
affinity of 2-nonanone to glycinin in the presence of sodium 
azide. 

The binding of hexanal to soy proteins in the presence 
of 2-mercaptoethanol is illustrated in Figure 5, and the 
binding parameters are presented in Table I. The number 
of binding sites and binding constants were not signifi- 
cantly different for either protein, compared with the 
model system without mercaptoethanol. The mildly 
reducing conditions evidently had no effect on the binding. 

The binding of hexanal to glycinin and 8-conglycinin as 
determined in this study differs from results for 
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there may be covalent binding occurring between the al- 
dehyde group and the lysine amino. Facile covalent 
binding of hexanal to protein has been reported by Oki- 
tani et al. (1986). A more sensitive test is necessary to 
confirm this. 

I t  would be an oversimplification to suggest that we 
have agood understanding of carbonyl protein interactions. 
The binding is assumed to be reversible for our data 
calculations as is true for other studies (Wilson, 1985,1986; 
Arai et al., 1967, 1970; Beyeler and Solms, 1974). Re- 
versible binding, however, has not been proven. Because 
we found small changes in turbidity of the protein 
solutions, a true irreversible equilibrium may not have 
been obtained. 

- 
- 
- 
- 
- 
- 
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Figure 5. Binding of hexanal to glycinin and @-conglycinin in 
a model system containing 10 mM 2-mercaptoethanol. (A) 
Binding curve. (B) Double-reciprocal plot. 

2-nonanone presented by Damodaran and Kinsella (1981b) 
and O’Neill and Kinsella (1987). The numbers of binding 
sites determined, 108 and 26 for glycinin and j3-congly- 
cinin, were much higher than reported by Kinsella et al. 
but are closer to the 81 sites reported for soy isolate by 
Thissen (1982) and Wilson (1986) and the estimated 
minimum of 27 binding sites for heptanal binding to soy 
isolates calculated from the data presented by Gremli 
(O’Keefe, 1988). The data of Arai et al. (1970) indicate, 
however, that fewer than 2 binding sites were present in 
the soy protein that was studied. The differences in the 
data may be due to a number of factors. The soy proteins 
came from different sources, have undergone different 
treatments, and were of different purities. Sodium azide 
was used and has been shown to affect the binding 
parameters. Partial binding curves were used to obtain 
data. Finally, the different techniques employed to 
determine binding parameters may have some role in the 
reported differences. 

The reason for the effect of NaCl on binding could be 
due to the known effect that NaCl has on the tertiary 
structure of the multimeric soy proteins, as suggested by 
Damodaran and Kinsella (1981a), and/or the effect of the 
salt on ligand binding. Salt would be expected to increase 
the strength of hydrophobic bonds, but a decrease in 
binding constant was observed for j3-conglycinin. It 
perhaps is necessaryto investigate smaller changes in ionic 
strength, which would not have as great an effect on the 
protein tertiary structure, to determine if increasing salt 
concentration affects the hexanal binding in the absence 
of protein structural changes. 

The ANS hydrophobicity and turbidity measurements 
indicate that structural changes occur as a result of hex- 
anal binding. The positive cooperativity observed for 
binding indicates that the structural changes may affect 
the binding process. The small decreases in Orange G 
reactive lysine were not striking, but they illustrate that 
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