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The total protein and the protein-bound and free amino acid contents of two northern adapted soybean 
cultivars, Maple Arrow and AC Proteus, were compared as potentially useful and practical indices for 
evaluating their protein quality. As the content of total protein was increased by 10.1 '3% in AC Proteus 
by breeding, the concentration of protein-bound arginine, aspartic acid, and histidine increased, while 
the levels of threonine, tryptophan, and methionine decreased. The free amino acid content of AC 
Proteus increased from 2.4 to 3.7% of the dry weight, and glutamic and aspartic acids and arginine 
represented 52.8% of the total. Both cultivars contained an excellent balance of essential amino acids 
(EAA) limited only in methionine, followed by tryptophan. Compared to the FAO/WHO reference 
value of 33.9%, mean values for total EAA ranged from 46.1 to 46.5%, and both cultivars had mean 
protein efficiency ratio values of 2.7. The 4-hydroxyproline-rich glycoproteins found in the extracellular 
matrices of soybean seeds ranged from 2.12 to 2.36 g/kg of total protein in Maple Arrow and AC Proteus, 
respectively. 

INTRODUCTION 
There is an increasing interest in the development of 

high-protein soybean [Glycine max (L.) Merr.1 cultivars 
adapted to the northern growing areas of Canada and other 
countries. Soybean is a relatively new agricultural crop 
in Canada, and until recently all of the Canadian pro- 
duction of soybeans was confined to the more temperate 
regions of southwestern Ontario (Agriculture Canada, 
1991). However, genetic improvements of soybean cul- 
tivars have led to the development of early maturing, cold 
tolerant soybean genotypes (Voldeng and Saindon, 1991a- 
c), with improved yields, pest resistance, seed quality, and 
high protein content (Buzzell and Voldeng, 1980; Saindon 
et al., 1989a,b, 1990). Partly as a result of these changes, 
the yields and total production of soybeans in Canada in 
1991 increased 8.8% over the previous year to reach 1.4 
million tons (Agriculture Canada, 1991). 

Extensive field trials have been carried out in Canada 
to identify the most productive soybean cultivars which 
will grow in areas with longer daylengths (>16 h) and 
northern latitudes (latitude >45O N) (Loiselle et al., 1990; 
Saindon et al., 1989a,b, 1990). These studies have been 
concerned primarily with the agronomic characteristics 
and seed quality aspects of this crop. A comparison of the 
average protein content and amino acid composition of 
two northern adapted cultivars has been reported by 
Zarkadas et al. (1993a). These two cultivars include Maple 
Arrow, a widely grown variety, and AC Proteus, a newly 
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released high-protein genotype developed by back crossing 
to Maple Arrow (Voldeng and Saindon, 1991a). Analyses 
showed that both contained an excellent balance of 
essential amino acids required for both humans and 
animals and were limited only in methionine, followed by 
tryptophan (Zarkadas et al., 1993a). Lysine concentration 
was particularly high in both cultivars. Their amino acid 
scores, adjusted for digestibility, were almost as high as 
those of milk and egg proteins, and their calculated average 
protein efficiency ratio (PER) was 2.7 (Zarkadas et al., 
1993a,b). Kakade et al. (1973) and Liener (1979) have 
reported lower nutritive values for unheated soybeans than 
the present study, which may be attributed to the 
deleterious effects of protease inhibitors. Nutritional 
studies with humans have shown values for protein quality 
of adequately processed soybean protein ranging from 62 
to 92% of casein (Torun et al., 1981; Fomon and Ziegler, 
1979; Erdman and Fordyce, 1989). 

Like many species of the Leguminosae, soybeans contain 
three major groups of proteins. The first includes the 
enzymes involved in metabolism, the second the structural 
proteins, i.e., ribosomal, chromosomal, and membrane 
proteins, and the third the larger and more homogeneous 
fraction known as storage proteins and lectins, which 
include glycinin, B-conglycinin, etc. (Liener, 1979; Ko- 
shiyama, 1983; Nielsen, 1984; Spencer and Higgins, 1982; 
Chrispeels, 1984; Wilson, 1987; Harada et al., 1989; de 
Lumen, 1990; George and de Lumen, 1991; Wolf, 1993). 
In addition, soybeans accumulate unique nonprotein and 
free amino acids (Van Etten et al., 1959; Krober and 
Gibbons, 1962; Bell, 1976; Fowden, 1990). However, there 
is no quantitative information available on the protein- 
bound and free amino acid contents of soybeans. It has 
been postulated that the accumulation of one or more of 
these unique components in the free amino acid pool is a 
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genetically controlled characteristic of a particular species 
or group of species (Bell, 1976; Evans and Bell, 1978; 
Fowden, 1972; 1990; Davis e t  al., 1991). T h e  actual 
composition of the free amino acid pool fraction varies, 
depending on maturity, nutrient supply from the  soil and 
from fertilizer treatment,  climatic conditions during 
growth, storage conditions, and genetic factors (Krober 
and Gibbons, 1962; Brandt,  1976; Kappor and Gupta, 1977; 
Macnicol, 1977; Goldberg, 1986; Di Martino-Rigano e t  al., 
1989). Spencer and Higgins (1982) have indicated that 
the  levels of free amino acids in  the  pool of the developing 
seeds, which may be an important element in the synthesis 
of storage proteins, are correlated with the composition of 
the major storage proteins being synthesized (Krober and 
Gibbons, 1962; Brandt,  1976; Kappor and Gupta, 1977). 
Because of the  metabolic importance of the  free amino 
acid pools in cereals and legumes, several methods have 
been developed for their extraction from defatted meal by 
perchloric acid or with a chloroform-ethanol-water mix- 
ture (Bligh and Dyer, 1959; Newel1 et al., 1967). These 
extractions are  usually followed by a cleanup procedure 
and then evaporation or lyophilization. The simplest and  
most effective solvent for the  extraction of free amino 
acids from full fa t  meal was 60-90 % cold or hot aqueous 
ethanol (Bowman, 1946; Mustakas e t  al., 1962; Kappor 
and Gupta, 1977; Wright, 1981; Magne and Larher, 1992). 
Extraction of full fat meal, with a lithium citrate buffer 
(pH 1.55) for 15 min, offers an alternative simple procedure 
for the isolation of free amino acids (Marshall et al., 1989). 
An accurate assessment of the free amino acid contents 
of soybeans is essential not  only as a data base on soybean 
free amino acid pool composition but also for the  nutri- 
tional evaluation of soybean diets supplemented with free 
amino acids. 

The two objectives of the present s tudy were, first, t o  
compare the levels and  variation of the  protein-bound and 
free amino acid pools of the two northern adapted soybean 
cultivars Maple Arrow and a newly released high-protein 
genotype, AC Proteus, and, second, to establish whether 
differences in the amino acid composition and protein 
contents of the  ethanol-soluble and  ethanol-insoluble 
fractions of these two varieties could be correlated with 
their protein quality. 

MATERIALS AND METHODS 

Materials. Type DC-5A (lot 746) cation-exchange spherical 
resin, sized to 6.0 f 0.5 mm, was purchased from Dionex Chemical 
Co., Sunnyvale, CA. The amino acid standards were obtained 
as follows: 4-hydroxyproline from Calbiochem-Behring Corp., 
La Jolla, CA; norleucine from Pierce Chemical Co., Rockford, 
IL; 3-nitrotyrosine from Aldrich Chemical Co., Milwaukee, WI; 
and the standard amino acid calibration mixture from Beckman 
Instruments, Inc., Palo Alto, CA. Highly purified ninhydrin and 
hydrindantin (Nin-Sol AF) dissolved in sequenal grade dimethyl 
sulfoxide was purchased from Pierce. Octanoic acid was obtained 
from Eastman Kodak Co., Rochester, NY, and phenol was a 
product of J. T. Baker Chemical Co., Phillipsburg, NJ. Hydro- 
chloric acid (Analar), hydrobromic acid (Aristar), formic acid 
(88.0%), and hydrogen peroxide (30.0%) were purchased from 
BDH Inc., Poole, England. High-purity sodium hydroxide (50.0 % 
w/w), which was used to prepare all buffers and reagents, was a 
product of Allied Fisher Scientific, Fair Lawn, NJ. The three 
highly purified microcolumn citrate buffers (pH 3.295,0.20 M; 
pH 4.10,0.20 M; pH 6.40,l.O M) and sample dilution buffer (pH 
2.2,0.20 M) recommended for high-sensitivity single-microcolumn 
analysis were used as described previously (Zarkadas et al., 1987). 
All other chemicals and reagents were of the highest purity 
commercially available and were used without further purifi- 
cation. 

Experimental Procedures. Selection of Plant Materials 
and Sample Preparation. The two soybean genotypes selected 
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for this investigation were cv. Maple Arrow and AC Proteus. 
Maple Arrow has been widely grown in central and eastern Ontario 
(USDA Maturity Group 00). The high-protein line AC Proteus 
was developed by three cycles of crossing and back crossing to 
Maple Arrow with selection of the highest protein F3 bulks in 
each cycle as the nonrecurrent parent. After the second back 
cross, bulk selection in the F3 for protein was followed by pedigree 
selection and yield evaluation of FO derived bulks. The high- 
protein line used for the first cross to Maple Arrow (DU-41) was 
selected from the cross of PI 189950 to a high-protein selection 
from cv. Merit X PI 153293 as described previously by Voldeng 
and Saindon (1991a). 

Representative samples of seed of the two cultivars were taken 
from each of the four replicates of the Ontario soybean variety 
trialgrown at  four different sites at Agriculture Canada's Central 
Experimental Farm, Ottawa, in 1989. The dried seed samples 
were then pulverized in a standard electrically driven end runner 
mill (Cyclone Sample Mill, U. D. Corp., Fort Collins, CO), passed 
through a 0.5-mm mesh sieve, lyophilized, and then stored at  -20 
"C in polypropylene bottles until used. 

Extraction Procedure and Preparation of Ethanol-Soluble 
(Fl) and Ethanol-Insoluble Protein (F2) Fractions fromsoybean 
Seeds. The alcohol-soluble free amino acids and peptides of 
soybean seeds, including free proline and 4hydroxyproline, 
known to be present in certain plant tissues (Khanizadeh et al., 
1989; Minero-Amador et al., 1992), were extracted as follows. 
Samples (2.0 g) of the pulverized soybean seeds were extracted 
with 50 mL of 70% (v/v) ethyl alcohol, as described previously 
for plant materials (Minero-Amador et al., 1992), in a VirTis 
homogenizer (Model 32; VirTis, Gardiner, NY) for 10s (full speed) 
at 2 "C. The supernatant, designeted ethanol-soluble fraction 
F1, was recovered by decantation through eight layers of 
cheesecloth to trap fat particles, and the extraction procedure 
was repeated two more times. The combined supernatant 
fractions (Fl) were dried under vacuum on a rotary evaporator 
(Buchi, Rotavapor, Switzerland) at 45 "C, resuspended in double- 
distilled water, lyophilized, and stored at  -70 "C. 

The remaining pellet, designated ethanol-insoluble protein 
fraction F2, was suspended in the same extraction solvent and 
rehomogenized for 10 8, and the extraction procedure was repeated 
twice. The combined pellets were then suspended in distilled 
water and lyophilized. The dried pellets were finally ground to 
pass through a 0.5-mm screen and were stored at -70 "C until 
needed. 

Preparation of Tissue Hydrolysates. Duplicate samples (0.05 
g) were hydrolyzed in Pyrex (No. 9860) test; tubes (18 X 150 mm) 
under vacuum (below 10 mmHg) with triple-glass-distilled 
constant-boiling HCl (6.0 M) containing 0.2% (v/v) phenol a t  
110 A 0.5 "C for periods of 24,48, 72, and 96 h with the usual 
precautions described by Zarkadas et al. (1988~). Analyses of 
individual acid hydrolysates were performed on the clear filtrate 
in duplicate by methods described previously (Zarkadas et al., 
1986, 1988b,c). 

Procedures for Amino Acid Analyses. Amino acid analyses 
were carried out on a Beckman Spinco Model 121 MB fully 
automated amino acid analyzer using single-column methodology 
(Zarkadas et al., 1986,1987,1990). The automated instrument 
wasequippedwithaBeckmanModeI406analoginterfacemodule, 
a system Gold (Beckman Instrument, Inc., Altex Division, San 
Ramon, CA) chromatographic data reduction system, and an 
IBM (AT series) compatible personal computer, which was 
obtained from Microcom AL Computer, Ottawa, ON. The 
incorporation of these components to the system increased the 
sensitivity of the analysis and enabled quantitation of amino 
acids a t  the picomole level as described previously (Zarkadas et 
al., 1987). 

Complete amino acid analyses were carried out on each fraction 
(F1 and F2) isolated from each of the four replicate soybean 
samples (50.0 mg) according to the standard procedures described 
previously (Zarkadasetal., 1986,1987). Eachofthefourreplicates 
was divided into two subsamples, i.e., A and B, which were then 
hydrolyzed in duplicate for 24, 48, 72, and 96 h as described 
previously (Zarkadas et al., 1988a-c). Analyses of individual acid 
hydrolysates were performed in duplicate. The data reported 
for serine and threonine in Tables I1 and I11 represent the average 
values of 72 determinations extrapolated to zero time of hydrolysis 
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by linear regression analysis of the results. The values for valine, 
isoleucine, leucine, and phenylalanine are the average of 48 values 
obtained from the 48,72, and 96 h of hydrolysis. All others are 
reported as the average values of 72 determinations from 24,48, 
72, and 96 h of hydrolysis. 

Methionine and cyst(e)ine were determined separately in each 
fraction (50.0-mg samples) according to the performic acid 
procedure of Moore (1963). Norleucine was added in the 
hydrolysate as an internal standard. Recoveries of cyst(e)ine as 
cysteic acid and methionine as methionine S,S-dioxide were 
calculated relative to alanine, valine, leucine, and isoleucine 
present in the sample and represent the average of 24 determi- 
nations. 

Tryptophan in soybean samples (50.0 mg) was also determined 
separately after alkaline hydrolysis (Hugli and Moore, 1972) on 
a single column as described previously (Zarkadas et al., 1986), 
using 3-nitrotyrosine as the internal standard, and the data 
presented in Tables I1 and 111 represent the average of 24 
determinations. 

4-Hydroxyproline (Berg, 1982) was determined separately from 
a concentrated 24-h hydrolysate (equivalent to 50.0 mg of protein/ 
analysis) using a single column (21 X 0.6 cm) packed with Dionex 
DC-6A resin (Zarkadas et al., 1986). Recoveries of Pro(4-OH) 
were calculated relative to alanine, isoleucine, and leucine. The 
Pro(4-OH) data represents the average values of 24 determina- 
tions. 

Protein Determination. Precise quantitation of the protein 
mass in each soybean acid hydrolysate was carried out according 
to the methods described by Horstmann (19791, Nguyen et al. 
(1986), and Zarkadas et al. (1988a,c) as 

WE = x:: , (a ib i )  (1) 
where a is the mole fraction of an amino acid i found in the 
analyzed aliquot and b is the molecular weight of amino acid 
residue i (in micrograms). The mean residue weight, WE (in 
micrograms per nanomole), and conversion factor, CF (in 
micrograms per nanomole), for determining the protein mass in 
each sample analyzed in the absence of tryptophan and cyst(e)ine 
was calculated as described previously (Horstmann, 1979; Zark- 
adas et al., 1988a). A conversion factor CF’ (in micrograms per 
nanomole) was also calculated according to the method of 
Horstmann (1979) for determining protein mass in the absence 
of tryptophan, cyst(e)ine, proline, and/or Pro(4-OH) as described 
previously (Zarkadas et al., 1988a,b). 

The protein content of each sample calculated by multiplying 
CF or CF‘ by the nanomoles of total amino acids in each acid 
hydrolysate was calculated as follows: 

P = CF’C:$xi (2) 
Determination of Total Protein and 4 -  Hydroxyproline-Rich 

Glycoproteins. In this study, an attempt was also made to relate 
the amounts of protein-bound 4-hydroxyproline, which occurs 
exclusively in the 4-hydroxyproline-rich glycoproteins of the 
primary cell walls of the angiosperms, i.e., extensin, arabinoga- 
lactan protein, and salt-extractable glycoproteins (Lamport, 1977; 
Fincher et al., 1983; Wilson and Fry, 1986; Cooper et al., 1987; 
Cassab and Varner, 1988), to the contents of these extracellular 
matrix proteins in soybean seeds. 

Zarkadas et al. (1988c, 1990,1993a) have shown that a simple 
method to calculate the amount of a specific protein j present 
in plant tissue from the quantitative determination of a given 
unique amino acid i known to occur exclusively in the specific 
protein c j )  was 
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amino acid residue i per lo00 amino acid residues (n’i = 455). 
The anhydrous molecular weight (Mr(i,) of Pro(4-OH) is 113.12. 

Substituting the computed parameters for extensin in eq 3a, 
the total 4-hydroxyproline-rich glycoproteins in grams per 
kilogram of total protein in soybean seeds was calculated 
according to the method of Khanizadeh et al. (1989) by the 
following convention: 

amt of extensin ( P e ~ . , )  = amt of Pro(4-OH) X 2.128 
(3b) 

Predicting Properties of Proteins from Amino Acid Compo- 
sitions. Previous studies have shown that amino acid compo- 
sitions represent a large body of easily accessible data not clearly 
related in any simple way to useful structural properties of 
proteins (Khanizadeh et al., 1989). It would therefore be useful 
if there were unequivocal ways of grouping amino acids into classes 
with distinct properties in the hope that such classes correlate 
to some extent with the rather general properties of the proteins 
in mixtures. One feature of protein structures that is fairlyreliable 
is the tendency of the side chain of charged or very polar amino 
acid residues to be external, to interact strongly with water, and 
to have high solubility in water. At the opposite end of the polarity 
scale are the apolar or hydrophobic side chains, which tend to 
have low solubility in water and therefore will be internal (Bigelow, 
1967; Nozaki and Tanford, 1971). Barrantes (1973, 1975) has 
grouped the amino acids into four classes, total charged, 
hydrophilic, hydrophobic, and apolar, and simply compared the 
ratio (R)  of the frequencies of occurrence ( x )  of whatever 
particular side chains of proteins one wishes to stress, e.g. 

[ lOOOJ WE(Pi) 
Pi = ci-- 

n i Mr, 
where P is the concentration of a specific primary cell wall 
glycoprotein j (i.e., extensin, expressed in grams per kilogram of 
total protein), Ci is the mean concentration of a unique protein- 
bound amino acid, i [i.e., Pro (4-OH), in grams per kilogram of 
total protein], WE(Pi), is the weight equivalent of a specific 
protein j (i.e., extensin, WE = 0.1095 mg/nmol) determined from 
ita known amino acid composition according to the method of 
Horstmann (1979), and n’i is the number of residues of a unique 

(4) 

where k can be hydrophilic and j hydrophobic side chains or k 
polar and j nonpolar as defined by Barrantes (1973). Basic 
residues: histidine + lysine + arginine. Acidic residues: aspartic 
acid + glutamic acid + asparagine + glutamine. Total charged 
residues: basic + acidic. Hydrophilic residues: total charged + 
threonine + serine. Hydrophobic residues: valine + methionine 
+ isoleucine +leucine +tyrosine +phenylalanine +tryptophan. 
Apolar residues: hydrophobic - tyrosine. Ratio 1 (Rl): hydro- 
philic/hydrophobic. Ratio 2 (R2): hydrophilic/apolar. Ratio 3 
(R& total charged/hydrophobic. Ratio 4 (R,): total charged/ 
apolar. 

Although the choice of residues used to construct these ratios 
is somewhat arbitrary (Barrantes, 1973, 1975), one particular 
ratio scale that reliably weighs the tendency of charged or very 
polar residues to be external is Rs. This ratio is convenient because 
it spreads out different proteins over a wide scale range, from 
0.36 to 2.03, and gives a measure with more information about 
the system. 

Statistical Analysis. Data processing of the results was 
carried out by a FORTRAN computer program developed for 
this purpose. Analysis of variance, conducted on the amino acid 
data, for a completely randomized block design (factorial) was 
done by the general linear model procedure (SAS, 1991) and 
represents the average values from eight subsamples per genotype. 

RESULTS AND DISCUSSION 

To quantitatively establish the occurrence and  variation 
of protein-bound and free amino acid contents of the two 
northern adapted cultivars, Maple Arrow and AC Proteus, 
pulverized soybean seeds were extracted with a mixture 
of 70% (v/v) ethanol, which effectively separated the 
ethanol-soluble fraction (Fl) from the  ethanol-insoluble 
protein fraction (F2). The yields obtained for these 
fractions, expressed on a dry weight basis, are  summarized 
in  Table I. T h e  ethanol-soluble fraction (Fl) in Maple 
Arrow constituted 21.2% of the sample on a dry weight 
basis compared to 19.0 % in  the newly released high-protein 
genotype AC Proteus. These differences were statistically 
highly significant (P  < 0.01). Similar differences were 
found in  the  yields obtained for t he  ethanol-insoluble 
protein fractions (F2) between these two cultivars (Table 
I). 
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Table I. Recoveries of the Ethanol-Soluble (Fl )  and Ethanol-Insoluble (F2) Soybean Protein Fractions Isolated from a 
Widely Grown Cultivar, Maple Arrow, and a Newly Released High-Protein Genotype, AC Proteus, after Solvent Extraction 
with an Ethanol-Water Mixture 

Zarkadas et al. 

~~ 

soybean genotype 
Maple Arrow AC Proteus 

mean f SEMa cv mean k SEMa cv cv F 
Ethanol-Soluble Soybean Fraction F1 

g of dry matted2.0 g of meal 0.3821 f 0.003 1.93 0.3393 f 0.002 1.40 1.75 91.65** 
% recovery on dry wt basis (DWB) 21.17 f 0.28 2.69 18.98 f 0.25 2.60 1.86 68.72** 
g of protein/100 g of dry soybean fraction FI 2.42 f 1.57 15.67 3.73 f 0.31 16.7 22.56 7.0P 

Ethanol-Insoluble Soybean Fraction F2 
g of dry mattd2.0 g of meal 1.4234 f 0.010 1.48 1.4492 f 0.017 2.35 1.24 4.21" 
% recovery on dry wt basis 78.83 f 0.28 0.72 81.02 f 0.24 0.61 0.47 68.78** 
g of protein/100 g of dry soybean fraction F2 42.70 f 1.27 5.96 52.81 f 1.02 3.86 4.55 43.0725 
5 Mean k standard error of measurements (SEM) for four replicates. Significance; F, values from analysis of variance between genotypes; 

**, P < 0.01; ns, not simificant: CV, coefficient of variation. * Protein content was determined by amino acid analysis according to the method 
of Horstmann (1979)- 

Protein Determination. To establish whether the 
amino acid composition or protein contents of soybeans 
could be used as potentially useful indices for assessing 
their protein quality, both F1 and F2 fractions were 
subjected to accurate and detailed amino acid analysis a t  
the picomole range by the single-column methodology 
described previously (Zarkadas et al., 1986, 1987). The 
results of the amino acid analyses of F1 and F2 fractions 
from Maple Arrow and AC Proteus, along with the levels 
of statistical significance obtained from analysis of vari- 
ance, are presented in Tables I1 and 111, expressed as grams 
of anhydrous amino acid per kilogram of anhydrous fat- 
and ash-free tissue protein. The data represent the average 
values of four replicates (N  = 4). The results show 
deviations of less than 2.5% from the average values 
obtained among the four replicates of each cultivar. These 
data allow comparisons to be made between the present 
results and those recommended by FAO/WHO/UNU 
(1985) and FAO/WHO (1990) reference amino acid pat- 
terns for humans. The Joint FAO/WHO Expert Con- 
sultation Group (FAOI WHO, 1990) have suggested that 
amino acid data be reported as milligrams of amino acids 
per gram of protein or as grams of amino acids per gram 
of nitrogen. For purposes of comparison the data from 
this study have also been calculated in this way, as grams 
of amino acid per 16 g of total nitrogen, and are presented 
in Table IV. 

The data on the total nitrogen content of both soybean 
cultivars and their separated fractions (F1 and F2) reported 
in Table IV have been calculated by the method recom- 
mended by Heidelbaugh et al. (1975). The total nitrogen 
of these samples ranged from 16.62 to 18.10%, which is 
considerably higher than the 16.0 % value frequently 
assumed for proteins and which serves as the basis for the 
factor of 6.25 used to convert total nitrogen to crude 
protein. The protein conversion factors among these 
samples varied from 5.90 in Maple Arrow to 5.94 in AC 
Proteus, as did the F2 (5.99-6.01) ethanol-insoluble 
fractions and the F1 (5.82-5.52) fractions. These results 
give further support to the recommendations of Benedict 
(1987) and Khanizadeh et al. (1992) that the protein 
conversion factor of 6.25 be used only for calculating the 
crude protein content of different foods. 

Quantitative amino acid analysis of the ethanol-soluble 
fraction (Fl) indicated that the free amino acids were 
comparatively small in amount and that their protein 
contents averaged 2.42 and 3.73% of the total dry mass 
of this fraction for Maple Arrow and AC Proteus, respec- 
tively. Brandt (1976) and Bright et al. (1982) reported 
that free amino acids in cereals account for approximately 
2.0 % of the total amino acid content. It has been reported 

that very small amounts of hydrophobic proteins and 
peptides are also extracted in the ethanolic fraction. 
Bowman (1946) and Frattali (1969) isolated a protease 
inhibitor from soybean by extraction with 60 5% aqueous 
ethanol which was shown to be different from the soybean 
ethanol-insoluble trypsin inhibitor of Kunitz (1947) and 
had a molecular weight of BOO0 (Birk, 1985). In the present 
study recoveries for both fractions, F1 and F2, were 
calculated on total protein determined from their respec- 
tive amino acid composition, as presented in Tables II- 
IV. The average protein recoveries reported in Table I 
represent accurate determinations of the absolute amount 
of protein present. 

Several investigators have indicated that the major 
ethanolic fraction of soybean seeds is composed primarily 
of lipids and carbohydrates (Smith, 1981; Wright, 1981; 
Magne and Larher, 1992). The oil content of soybeans 
ranges from 18.0 to 21.0% and varies inversely with the 
amount of protein present. The average total sugar was 
8 g/100 g of seed (Smith, 1981). Hymowitz et al. (1972) 
analyzed soybeans from 60 selected lines from maturity 
groups 00-IV for individual and total sugars and found 
that sucrose, raffinose, and stachyose represented on the 
average 60, 4, and 36%, respectively. 

Protein determinations in each of the ethanol-insoluble 
protein fractions (F2) showed that in three cycles of 
crossing and back crossing of Maple Arrow (Voldeng and 
Saidon, 1991a) there was a highly significant (P  < 0.01) 
increase of protein content in the new cultivar, AC Proteus, 
from 42.7 to 52.8%. This represents an increase of 10.11 
g of protein/100 g of dry ethanol-insoluble proteins (F2). 
These results are in accord with those reported recently 
by Zarkadas et al. (1993a) for the soybean seeds for these 
two cultivars but are considerably higher than the 3.3 7% 
protein increase reported by Brim and Burton (1979) and 
Burton et al. (1982) in five cycles of recurrent selection for 
high protein in their soybean varieties. The mean residue 
weight (WE, micrograms per nanomole) and conversion 
factors CF and CF' (micrograms per nanomole) given in 
Tables I1 and I11 can be used in all subsequent protein 
quantitations as described previously by Horstmann (1979) 
and Zarkadas et al. (1988a). 

Free Amino Acid Profiles of Soybeans. A compar- 
ison of the free amino acid profiles of the ethanol-soluble 
soybean fractions (Fl) investigated showed that the levels 
of many of the individual amino acids were similar. 
However, cultivar to cultivar variations in free amino acid 
content were significant with respect to five amino acids. 
The variation noted for aspartic acid between these two 
cultivars was statistically significant (P  < 0.051, with the 
AC Proteus being consistently higher in this amino acid 
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soybean genotype 
Maple Arrow AC Proteus between genotypes5 

amino acid mean f SEMO CV" mean f SEM' CV" cv F 
asDartic acid 134.12 f 5.97 8.90 160.96 f 3.73 
t&eonine 
serine 
glutamic acid 
proline 
glycine 
alanine 
cyst(e)ine 
valine 
methionine 
isoleucine 
leucine 
tyrosine 
phenylalanine 
histidine 
lysine 
arginine 
tryptophan 
4-hydroxyproline 
ammonia 

WE? bg/nmol 
CF,b pg/nmol 
CF',b bg/nmol 
basicc 
acidid 
charged' 
hydrophobicc 
hydrophilicc 
apolarc 
RlC 
R2' 
R3' 
R4C 

total proteid 
g/kg of dry sample 

20.88 f 0.45 
26.65 f 1.27 

236.18 f 8.44 
30.18 f 2.07 
25.66 f 1.11 
27.42 f 1.92 
89.97 f 3.23 
20.23 f 2.00 
7.70 f 0.55 

23.49 f 0.99 
31.8 f 1.41 
63.20 f 1.30 
65.21 f 2.22 
15.88 f 1.61 
20.55 f 1.81 
87.88 f 2.01 
55.71 f 5.98 
17.23 f 1.71 
29.99 f 5.27 

0.123325 f 0.0007 
0.128050 f 0.0013 
0.136150 f 0.0012 

124.30 f 4.28 
370.30 f 4.66 
494.59 f 4.49 
267.42 f 5.19 
542.13 f 4.57 
204.22 f 4.20 

0.494 f 0.012 
2.659 f 0.071 
1.852 f 0.048 
2.43 f 0.067 

24.25 f 1.90 

4.30 
9.56 
7.15 

13.69 
8.67 

14.02 
7.19 
9.91 

14.46 
8.43 
8.85 
4.13 
6.82 

20.28 
17.58 
4.58 

21.48 
19.82 
35.18 
1.25 
2.47 
1.78 
6.88 
2.52 
1.82 
3.88 
1.68 
4.11 
5.11 
5.36 
5.22 
5.53 

15.67 

17.59 f 1.16 
22.12 f 1.31 

198.46 f 5.72 
29.29 f 2.66 
22.82 f 0.84 
20.33 f 1.10 
68.95 f 6.29 
17.96 f 1.62 
5.97 f 0.39 

20.93 f 1.75 
30.49 f 2.56 
55.07 f 4.10 
54.44 f 4.10 
29.61 f 3.47 
19.00 f 1.86 

169.27 f 21.61 
42.69 f 1.93 
14.10 f 1.98 
14.81 f 1.55 

0.125025 f 0.0008 
0.128900 f 0.008 
0.136375 f 0.008 

217.89 f 23.92 
359.42 f 5.10 
577.32 f 20.88 
227.47 f 10.78 
617.03 f 19.67 
172.46 f 7.65 

0.371 f 0.029 
3.614 f 0.027 
2.568 f 0.21 
3.383 f 0.27 

37.33 f 3.13 

4.64 
13.22 
11.81 
5.76 

18.14 
7.41 

10.83 
18.27 
18.03 
13.25 
16.72 
16.81 
14.91 
13.86 
23.49 
19.56 
25.53 
9.07 

28.03 
20.94 

1.38 
1.30 
0.79 

21.95 
2.84 
7.23 
9.48 
6.38 
8.88 

15.72 
15.11 
16.74 
15.98 

16.79 

8.48 9.215 
6.44 14.085 

14.53 3 .2P 
8.45 8.41' 

15.89 0.07M 
4.54 13.295 

10.56 15.805 
15.82 5 .5P  
7.38 5.20'" 

15.48 5.40'" 
8.44 3.76" 

10.63 0.33" 
12.80 2.34" 
13.10 3.78" 
30.15 8.02' 
8.53 1.68' 

24.84 12.991 
18.73 4 . w  
22.33 1.60"' 
36.27 6 . W  
0.53 13.045 
0.98 0.89- 
0.91 0.07- 

20.88 13.71* 
3.47 1.47" 
5.93 13.64* 
8.86 6.63= 
5.31 11.86' 
8.66 7 .5P 

13.09 9.29' 
14.88 8.27M 
16.15 8.0P 
15.67 8.845 

22.56 7 .0P 
5 Mean values and standard error of measurements (SEM) for 4 replicates and 64 determinations. The values for valine, isoleucine, leucine, 

phenylalanine, tryptophan, and 4-hydroxyproline are the average of 32 determinations. Significance: F, values from analysis of variance 
between genotypes; *, P 0.05; ns, not significant; CV, coefficient of variation. The total protein, WE, CF, and CF'constanta were calculated 
according to the methods of Horstmann (1979) and Zarkadas et al. (1988a-c), where CF is the apparent average residue moIecular weight 
increased in proportion to the missing tryptophan and cyst(e)ine values, while CF' was also calculated for determining protein mass in the 
absence of tryptophan, cyst(e)ine, proline, and 4-hydroxyproline. Calculated according to the method of Barrantes (1973,1976) using eq 4 
ratio 1 (R1) hydrophilic/hydrophobic; ratio 2 (Rz), hydrophilic/apolar; ratio 3 (R3), total charged/hydrophobic, and ratio 4 (R,), total changed/ 
apolar. 

than Maple Arrow. Mean arginine values ranged from a 
low of 87.9 g/kg of protein in Maple Arrow to 169.3 g/kg 
of protein in AC Proteus, reflecting the increased levels 
of totally charged and hydrophilic amino acids in the 
ethanol soluble-fraction of AC Proteus (Tables 11-IV). 

During the evolution of plants, the predominant amino 
acids used for the transport and storage of nitrogen have 
been asparagine and glutamine, with arginine present 
primarily for storage (Pate, 1980; Miflin and Lea, 1977, 
1982). The ureides allantoin and allantoic acid have also 
been reported to be sources of nitrogen for the synthesis 
of seed proteins and during seed germination (Schubert 
and Boland, 1990). These authors reported that in soybean 
seedlings ureides accounted for 0.7 and 6.0% of the total 
nitrogen of cotyledons and axes, respectively, a t  the peak 
of ureide accumulation. The possible explanation for such 
a limited number of amino acids being involved as nitrogen 
transport and storage compounds may be related to their 
involvement in all six key pathways in the biosynthesis of 
amino acids in the developing seeds of a number of species 
(Lea and Miflin, 1974; Lea et al., 1976,1990,1992; Miflin 
and Lea, 1977,1982; Blevis, 1989). Their other common 
feature is that they are closely related to glutamate and 
aspartate; thus, their carbon skeletons can easily be derived 

from, or give rise to, metabolites of the citric acid cycle 
(Miflin and Lea, 1977, 1982). Nitrogen is incorporated 
into plant tissues in its reduced form as ammonia during 
the synthesis of glutamine and glutamate by the reductive 
amination of a-ketoglutarate. Glutamic acid is the pre- 
cursor of arginine, proline, and other amino acids including 
aspartic acid. Asparagine is formed by the transfer of the 
amide proup of glutamine to aspartic acid (Lea et al., 1990) 
by glutamine-ATP-dependent asparagine synthetase 
(Streeter, 1973; Miflin and Lea, 1977). Pate (1980) showed 
that 60-70% of the total nitrogen present in the xylem 
and phloem of lupins and other legumes was present as 
asparagine and suggested that only asparagine might act 
as a temporary store of reduced nitrogen to prevent the 
buildup of toxic levels of ammonia in plant tissues. The 
data presented in Table I1 strongly support the concept 
that a limited number of amino acids are used for the 
transport and storage of nitrogen into the soybean seeds. 
The predominant free amino acids present in the ethanol- 
soluble fraction (F1) from both cultivars were, in fact, 
glutamic acid, aspartic acid, and arginine, the sum of which 
accounted for 45.8 and 52.8% of the free amino acids 
present in Maple Arrow and AC Proteus, respectively. 

Amino acid biosynthesis in plants is regulated by end- 
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Table 111. Comparison of the Amino Acid Composition of the Ethanol-Insoluble Fraction (F2) Isolated from Two Northern 
Adapted Soybean Cultivars (Grams of Amino Acid per Kilogram of Total Protein) after Ethanol-Water Extraction 

Zarkadas et al. 

amino acid 

soybean genotype significance 
Maple Arrow AC Proteus levels between genotypeen 

mean*SEMa CV" meanISEMa CVn CV F 

Griffiths 
soybean 
protein 

concentrate 
aspartic acid 
threonine 
serine 
glutamic acid 
proline 
glycine 
alanine 
cyst(e)ine 
valine 
methionine 
isoleucine 
leucine 
tyrosine 
phenylalanine 
histidine 
lysine 
arginine 
tryptophan 
4- hydroxyproline 
ammonia 

WE,b pg/nmol 
CF,b pglnmol 
CF',b pg/nmol 
baaie 
acidicc 
charged' 
hydrophobic+ 
hydrophilic+ 
apolarc 
Ric 
R2' 
R3' 
R4' 

total proteinb 

extracell matrix glycoprotein (eq 2)d 
g/kg of total protein 
g/kg of dry sample 

g/kg of dry sample 

91.93 f 1.36 
44.17 f 0.82 
52.25 f 1.34 
183.27 f 5.30 
59.84 f 4.94 
36.62 f 0.84 
35.98 f 1.54 
21.98 f 1.20 
49.09 f 1.33 
12.06 f 1.16 
49.59 f 1.38 
83.65 * 0.65 
44.00 f 1.25 
59.69 f 2.09 
22.09 f 2.07 
64.99 f 1.15 
74.69 f 1.37 
13.01 f 0.26 

12.22 f 1.28 
1.108 f 0.073 

0.113500 f 0.0002 
0.122950 i 0.008 
0.123250 i 0.0008 

161.77 f 1.68 
275.19 f 6.37 
436.96 f 4.79 
311.09 i 4.32 
533.5.41 
267.08 f 3.74 
0.58 f 0.01 
1.99 f 0.04 
1.41 f 0.03 
1.64 f 0.036 

427.08 f 12.74 

2.357 f 0.15 
1.006 f 0.06 

2.96 
3.70 
5.11 
5.79 
16.50 
4.63 
8.55 
10.93 
9.69 
1.56 
5.15 
1.56 
5.69 
7.01 
18.77 
3.55 
3.67 
4.06 
13.16 
20.95 

0.367 
14.27 
1.32 
2.08 
4.63 
2.19 
2.78 
2.03 
2.80 
4.51 
4.19 
4.69 
4.45 

5.96 

13.16 

97.65 f 0.72 
38.31 f 0.51 
47.10 f 1.36 
186.96 f 1.37 
58.17 i 3.03 
36.52 f 1.30 
34.81 i 0.29 
20.87 f 1.24 
48.07 f 2.33 
10.24 f 0.47 
48.41 f 1.55 
81.43 f 1.10 
41.86 f 0.76 
59.04 i 1.01 
26.42 f 1.20 
65.56 i 0.97 
85.51 f 0.77 
12.04 f 0.34 
0.977 f 0.068 
9.44 f 2.13 

0.114125 f 0.0002 
0.114500 f 0.0002 
0.123650 f 0.0002 

177.49 f 2.35 
284.62 f 1.24 
462.11 f 3.13 
301.11 f 4.71 
547.52 f 2.55 
259.24 * 4.93 
0.55 f 0.01 
2.12 f 0.04 
1.53 f 0.03 
1.78 f 0.04 

528.09 * 10.18 
2.122 i 0.14 
1.120 f 0.073 

1.88 
2.65 
5.77 
1.47 
10.43 
7.14 
1.69 
11.93 
9.68 
9.11 
6.70 
2.72 
3.65 
3.43 
9.11 
2.97 
1.80 
5.66 
13.71 
45.26 

0.35 
0.39 
0.36 
2.64 
0.87 
1.35 
3.13 
0.93 
3.81 
3.89 
4.49 
3.98 
4.49 

3.86 

13.71 

2.20 
1.56 
7.21 
3.30 
13.15 
6.11 
6.08 
12.98 
7.42 
8.78 
5.52 
1.64 
4.68 
6.01 
11.03 
2.77 
3.15 
2.03 
18.38 
20.38 
0.41 
10.32 
0.92 
2.32 
2.82 
1.48 
2.20 
1.66 
2.59 
3.57 
3.73 
3.15 
3.19 

4.55 

18.38 

15.14* 
166.13*** 
4.13" 
0.73" 
0.09" 
0 . W  
0.58" 
0.32" 
0.16" 
6.86" 
0.38" 
5.37" 
2.28" 
0.07" 
5.22" 
0.2P 
36.64** 
28.62** 
0.65" 
3.18" 

3.48" 
0.84" 
0.24" 
31.79** 
2.86" 
28.42* 
4.39" 
4.94" 
2.67" 
5.47" 
4.57" 
15.78* 
14.501 

43.07** 573.20 

0.65" 

a Mean values and standard error of measurements (SEM) for 4 replicates IN = (2 X 4) - 1 = 71 and 64 determinations. The values for 
valine, isoleucine, leucine, phenylalanine, tryptophan, and 4-hydroxyproline are the average of 32 determinations. Significance: F, values from 
analysis of variance between genotypes; ***, P < 0.01; **, P < 0.01; *, P < 0.05; ns, not significant; CV, coefficient of variation. b Computed 
according to the methods of Horstmann (1979) and Zarkadas et al. (1988a-c). Calculated according to the method of Barrantes (1973,1975) 
using eq 4. Data for 4-hydroxyproline-rich glycoproteins were calculated from the amounts of 4-hydroxyproline found in the acid hydrolysates 
of the ethanol-insoluble protein fraction (F2) of soybean according to eq 2 and represent themean values for 32 determinations from 4 replicates. 

product inhibition of key biosynthetic enzymes, and in 
this way cellular concentrations of particular amino acids 
normally are maintained within closely defined levels 
(Miflin and Lea, 1977; Lea et al., 1990, Fowden, 1990). 
The levels of free amino acids of the aspartate family of 
amino acids, which includes lysine, methionine, threonine, 
and isoleucine reported in Table 11, appear to illustrate 
this concept. The synthesis of isoleucine is, in turn, closely 
related to the synthesis of the other branched-chain amino 
acids valine and leucine (Bryan, 1990). The concentrations 
of all these free essential amino acids are very similar 
between cultivars and are low in the ethanol-soluble 
fraction compared to the concentration of their precursor, 
aspartic acid. If the aspartate family of amino acids is 
present in excess, they inhibit the initial biosynthetic 
enzyme, aspartate kinase, which catalyzes the first step in 
the overall pathway for the conversion of aspartic acid to 
@-aspartyl phosphate (Bryan, 1990). This end-product 
inhibition has been successfully utilized in cereals by Bright 
et al. (19821, who, by selecting the appropriate mutant 
lines of barley that inhibited the first step of the aspartate 
pathway, were able to increase dramatically the total levels 
of free threonine and methionine in the barley grain by 

6.0% without effect on the composition of the barley 
proteins. Similar isoenzymes of aspartate kinase sensitive 
to lysine or threonine have been partially separated from 
soybeans (Matthews and Widholm, 1979). 

The ethanol-soluble fraction (Fl) of both soybean 
cultivars (Table 11) was found to contain levels of phen- 
ylalanine, tyrosine, and tryptophan higher than the 
amounts reported in Tables 111 and IV for the ethanol- 
insoluble protein fraction (F2). These high levels of 
aromatic amino acids are rather unexpected since studies 
with labeled precursors have establishd that the biosyn- 
thesis and levels of aromatic amino acids in plants are 
regulated by a sequential feedback control mechanism 
(Besler et al., 1971; Miflin and Lea, 1977). The first 
divergent steps in the synthesis of phenylalanine, tyrosine, 
and tryptophan are inhibited by the final products 
(Gilchrist and Kosuge, 1980). Tryptophan synthesis is 
controlled by feedback inhibition of anthranilate syn- 
thetase (Besler et al., 1971; Widholm, 1973) and synthesis 
of phenylalanine and tyrosine by chorismate mutase 
inhibition (Woodin and Nishioka, 1973; Gilchrist and 
Kosuge, 1980). The possible explanation for such a high 
accumulation of aromatic amino acids in the F1 fraction 
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of both soybean cultivars may be related to the presence 
of mutant isoenzymes which alter the feedback inhibition. 
There is evidence that cultured Nicotiana tabacum and 
Daucw carota cells have an anthranilate synthetase, which 
is much less sensitive to tryptophan feedback inhibition, 
and accumulate tryptophan to 20-30-fold higher levels 
(Widholm, 1973). Further evidence for such an occurrence 
is that when anthranilate was supplied externally to the 
resistant soybean cells, the levels of tryptophan increased 
20-fold (Widholm, 1974). These observations suggest that 
the high levels of tryptophan found in the ethanol-soluble 
fraction (Fl) of soybean seeds may be compartmentalized 
in situ away from the site of synthesis. Similar isoenzymes 
for chorismate mutase have been identified in several 
plants with altered feedback inhibition by phenylalanine 
and tyrosine (Woodin and Nishioka, 1973; Gilchrist and 
Kosuge, 1980), and the high levels of these amino acids 
may be related to the presence of such isoenzymes. 

Maple Arrow was significantly (P < 0.05) higher in 
threonine, glycine, and alanine in the F1 fraction than AC 
Proteus, but both cultivars contained similar amounts of 
serine and proline. Although serine is a precursor of 
cysteine, the results (Table 11) showed that the amount 
of cyst(e)ine present in the F1 fraction was more than 3 
times higher than the amount of serine. Bowman (1946) 
and Frattali (1969) have shown that the ethanol-soluble 
fraction of soybean contains small amounts of various 
protease inhibitors known to be high in cysteine (Birk, 
1985). Sequence studies have shown that these inhibitors 
contained 14 of 70 amino acid residues (approximately 
20%) as cysteine (Odani and Ikenaka, 1972), which might 
explain the results in the present study. At  least 10 
protease inhibitors with molecular weights ranging from 
6000 to 10 000 have been described in the ethanol soluble 
Bowman-Birk protease inhibitor class (Tan-Wilson et al., 
1986,1987; Kollipara and Hymowitz, 1992). Of these, the 
Bowman-Birk is the major inhibitor, which in the soybean 
cultivar Tracy accounted for 4.0% of the defatted meal 
corresponding to 4.8% of the total soybean proteins 
(41.0% ). The four low molecular weight protein inhibitors 
(PI), designated I-IV, accounted for an estimated 2.3% 
of the defatted meal or about 3.3% of the total soybean 
proteins. Rackis et al. (1986) by contrast showed that the 
total amount of protease inhibitors in whole soybean seeds 
was 2.29 g/100 g of dry sample, which corresponded to 
4.96 g of protease inhibitors/100 g of protein. The defatted 
soybean flour contained 3.24 5% protease inhibitors or about 
5.78 g/100 g of protein compared to soybean protein 
concentrate, which contained between 0.9 and 2.1 g of 
protein inhibitors/100 g of protein (Kakade et al., 1973; 
Rackis et al., 1986). Further studies will be required to 
establish the levels of all of the protease inhibitors in 
soybeans. 

After acid hydrolysis, the ethanol-soluble fractions (Fl) 
from both cultivars were found to contain relatively high 
levels of trans-4-hydroxy-~-proline (Table 11). This 
unique amino acid is rarely present in the free state in 
plant tissues. The only reported free 4-hydroxyproline 
existing in relatively large concentrations has been in the 
tissue of the sandal (Scandalum album), which was found 
to be the cis isomer of 4-hydroxyproline (Lamport, 1977). 
The form bound to proteins is the trans form (Berg, 1982). 
Cassab et al. (1985) reported that the outermost layer of 
the soybean seed coat contains 77% of the total 4-hy- 
droxyproline in the seed. I t  is present as a 4-hydroxy- 
proline-rich glycoprotein which serves as a structural 
protein in the cell wall (Lamport, 1977; Cooper et al., 1987; 
Cassab and Varner, 1987,1988). To date, two other cell 
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wall structural proteins have been characterized, namely, 
proline-rich proteins (Averyart-Fullard et al., 1988; Kiels- 
zewski et al., 1992) and glycine-rich proteins (Keller et al., 
1988). The best characterized 4-hydroxyproline-rich gly- 
coprotein from soybeans is extensin, which has been 
proposed to be the major cell wall protein component 
primarily localized in two of the external layers of the 
soybean seed coat (Cassab et  al., 1985; Hong et al., 1987; 
Cassab and Varner, 1987; Ye and Varner, 1991). It has 
been suggested that the majority of the proline residues 
in the cell wall glycoproteins are posttranslationally 
modified to trans-4-hydroxyproline. These are then 
released from the membrane-bound ribosomes as soluble 
monomers, which when deposited in the cell walls of 
soybeans become insoluble due to the formation of iso- 
dityrosine cross-links (Wilson and Fry, 1986; Cooper et 
al., 1987; Cassab and Varner, 1988; Varner and Lin, 1989). 
The ethanol-soluble trans-Chydroxyproline in this study, 
therefore, might have originated from soluble 4-hydrox- 
yproline-rich glycoproteins in the cell walls, but the reason 
for such high levels is a t  present unclear. 

Protein-Bound Amino Acid Contents of Soybeans. 
The protein-bound amino acid composition of the two 
northern adapted soybean cultivars after extraction were 
very similar (Tables I11 and IV). Both cultivars were found 
to contain high levels of glutamic and aspartic acids, 
leucine, phenylalanine, lysine, proline, and arginine, and 
their overall amino acid profiles were very similar to those 
reported by Zarkadas et al. (1993a) for untreated soybean 
meals. The most consistent and characteristic feature of 
the amino acid composition of both cultivars was the very 
high acidic amino acid content, i.e., glutamic acid and 
aspartic acid, which together accounted for 27.5-28.5 % of 
the total amino acidresidues. The total basic amino acids, 
i.e., histidine, lysine, and arginine, constituted only 16.2- 
17.7 7% of the total. The basic amino acid content of AC 
Proteus was significantly higher (P < 0.01) than that of 
Maple Arrow, reflecting primarily the variation in the 
arginine content between these two cultivars. 

In soybean seeds, glutamicacid and its amide, glutamine, 
are central to intermediate nitrogen metabolism and 
storage of protein nitrogen (Blevis, 1989; Lea et al., 1990). 
Glutamate is the product of ammonia assimilation via the 
glutamate synthetase cycle and the acceptor of ammonia 
in glutamine synthesis (Lea et  al., 1990,1992). Glutamic 
acid is the immediate donor of the amino group of most 
amino acids in developing or germinating seeds. In 
addition, it is the donor of both the nitrogen and carbon 
atoms in the biosynthesis of arginine and proline (Dashek 
and Erickson, 1981; Miflin and Lea, 1977,1982). Aspartic 
acid, which is derived from oxaloacetate via transamina- 
tion, serves both as a common precursor for lysine, 
methionine, threonine, and isoleucine and as an acceptor 
of the amide group from glutamine in asparagine synthesis 
for the transport and storage of nitrogen (Lea and Miflin, 
1974; Bryan, 1990). Proline also appears to play a role in 
nitrogen storage in soybean seeds (Dashek and Erickson, 
1981) and accounts for an additional 5.8-6.0 % of the total 
amino acid residues in both cultivars. There was, however, 
a significant variation between cultivars in the content of 
threonine (P  < 0.011, tryptophan (P  < 0.011, and arginine 
(P  < 0.01). 

The data presented in Table I11 indicate that, as a result 
of three cycles of crossing and selection, the arginine 
content of the ethanol-insoluble fraction (F2) varied from 
74.7 g/kg of total peotein in Maple Arrow to 85.5 g/kg of 
total protein in AC Proteus. The 14.5% higher arginine 
content of AC Proteus, which coincided with a total 
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soybean aenotme 
EAA untreated F1 ethanol-solubilized F2 ethanol-insoluble 

requirementsa soybean meal protein fraction protein fraction animal products 
preschool child Maple AC Maple AC Maple AC cow's 

EAA (2-5years) adult Arrow Proteus Arrow Proteus Arrow Proteus egg" mil& beep 
Milligrams of Amino Acid per Gram of Total Protein 

22 27 34 histidine 19 16 26 23 16 29 22 26 
isoleucine 28 13 50 48 23 21 50 48 54 47 48 
1 e u c i n e 66 19 79 74 31 30 84 81 86 95 81 
lysine 58 16 65 58 20 19 65 65 70 78 89 
methionine + cyst(e)ine 25 17 34 30 98 75 34 31 57 33 40 
phenylalanine + tyrosine 63 19 95 85 128 109 104 101 93 102 80 
threonine 34 9 38 39 21 17 44 38 47 44 46 
tryptophan 11 5 11.7 11.1 56 43 13 12 17 14 12 
valine 35 13 54 50 20 18 49 48 66 64 50 
mg/g nitrogenC 2969 2814 2840 2779 3109 3062 
% of total protein 

EAAlo including Argd 46.4 44.9 34.2 40.2 46.1 46.5 
EAA9 minus Arg 33.9 12.7 45.3 41.8 41.3 36.1 46.5 45.0 51.2 50.4 47.9 
E& minus His Arg 32.0 11.1 42.7 39.5 39.7 33.2 44.3 42.4 49.0 47.7 44.5 
protein efficiency ratioa 2.77 2.67 2.0 2.39 2.16 2.78 

egg (PERddSe 
Percent Protein Digestibility in Mann 

Percent Amino Acid Score Adjusted for Digestibility 
86 86 86 86 95 97 98 

95 93 95 94 119 119 94 

a Data from FAO/ WHO/UNU (1985) and FAO/WHO (1990). Data taken from Bodwell (1987). Computed from reference protein standards 
(FAO/WHO, 1965). d Calculated according to the methods of Lee et al. (1978) and Pellet and Young (1984). EAAlo: threonine, valine, methionine, 
isoleucine, leucine, phenylalanine, lysine, tryptophan, histidine, and arginine. PER10 values were calculated from egg [PER = 0.06320 (EAAlo) 
- 0.15341. e Calculation of protein rating was carried out by comparison of the amino acid composition of the two soybean cultivars with that 
of the reference pattern established by FAO/WHO/UNV (1985) from eq 6 [lo0 X concn of AA in product (mg/g of protein)/concn of AA in 
FAO/WHO/UNV (1985) pattern (mg/g of protein)] for preschool child (2-5 years) and adult. 

increase of 10.1 % in protein content, suggests a possible 
shift in the proportions of the various storage proteins 
present in this cultivar. The methionine contents of the 
F2 fractions of Maple Arrow and AC Proteus were 12.1 
and 10.2 g/kg of total protein, respectively, which corre- 
sponded to 15.7 % less methionine in AC Proteus. These 
results suggest that the methionine levels vary inversely 
with total protein and that the amino acid composition of 
the major types of storage proteins including glycinins 
and 0-conglycinins is not constant. Both glycinins and 
0-conglycinins are families of proteins assembled from a 
number of different subunits which differ in their contents 
of sulfur-containing amino acids from 0.0 to 3.0% (w/w) 
(Thanh and Shibasaki, 1978; Koshiyama, 1983; Nielsen, 
1984; Wolf, 1993). 

Several studies have shown that the composition of 
soybean storage proteins is also affected by nutrient 
availability and enviromental conditions (Thomson et al., 
1981; Holowach et al., 1984; Gayler and Sykes, 1985; 
Grabeau et al., 1986). Methionine supplementation of an 
in vitro soybean cotyledon or of intact soybean plants was 
reported to affect the amounts of several amino acids 
including a 21.9% increase in methionine and a decrease 
of 11.4% in arginine content. The authors suggested that 
these changes were due to a dramatic decrease in the 
synthesis of the methionine-devoid ,&subunit of the 
8-conglycinin storage protein (Thomson et al., 1981; 
Grabau et al., 1986) and an increase in the ratio of glycinins 
to 6-conglycinins. Gayler and Sykes (19851, by contrast, 
showed that sulfur deficiency in developing seeds of the 
cultivar Wayne caused a 40.0% decrease in the level of 
glycinins and an elevation in the level of @-conglycinins. 
The proportion of the 6-subunit of 8-conglycinins was also 
increased 3-fold in the sulfur-deficient seeds. 

Improvements in the nutritional quality of soybean 
proteins, therefore, will necessitate an increase in me- 

thionine-containing storage proteins or a reduction in the 
6-subunit of 0-conglycinin devoid of methionine or a 
combination of the two (de Lumen, 1990; George and de 
Lumen, 1991). Recurrent selection of soybeans has been 
successfully used by Brim and Burton (1979) as a plant 
breeding procedure for increasing the percent protein in 
soybeans without significantly decreasing yields. This 
procedure, however, has not increased methionine levels 
(Burton et al., 1981). 

Although the amino acid profiles of both cultivars were 
similar, there appeared to be a preferential accumulation 
of certain amino acids in the seeds of these two cultivars. 
To simplify a discussion of the changes occurring in such 
plant tissues, Barrantes (1973,1975) has suggested group- 
ing the amino acids into four classes, namely, totally 
charged, hydrophilic, hydrophobic, and apolar. He then 
compared the ratio (R) of the frequencies of occurrence 
of these particular groups, especially in terms of the 
proportion of total charged and hydrophobic residues (ratio 
3). This method of amino acid classification was used in 
this study, and the results obtained are summarized in 
Tables I1 and 111. These data indicated a small but 
significant increase (P  < 0.05) in total charged amino acids 
and in the Rs ratio and a decrease in hydrophobicity of the 
storage proteins in AC Proteus compared to Maple Arrow. 
This suggests that it may be both part of the changes that 
occur in the subunit composition of the storage proteins 
and the differential gene expressions that determine 
protein transformation patterns in the seeds of this new 
cultivar (Chrispeels, 1984; Goldberg, 1986). 

The extracellular matrices of soybean seeds from both 
cultivars contained small amounts of protein-bound 4-hy- 
droxyproline (Tables I11 and IV). From the known amino 
acid composition and distribution of 4-hydroxyproline in 
the primary sequence of these glycoproteins, the content 
of 4-hydroxyproline-rich glycoproteins of soybean seeds 
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was calculated by multiplying the amount of 4-hydrox- 
yproline found in their acid hydrolysates by 2.128 (eq 3b), 
as described previously (Khanizadeh et al., 1989; Zarkadas 
et al., 1993a). These results show that the levels of 
4-hydroxyproline-rich glycoproteins in soybean seeds were 
low, ranging from a low of 2.12 g/kg of total protein in AC 
Proteus to a high of 2.36 g/kg of protein in Maple Arrow, 
which corresponds to about 0.10-0.11% on a dry weight 
basis. These values are in close agreement with those 
reported previously for the entire seeds (Zarkadas et al., 
1993a) but are lower than those reported by Cassab et al. 
(19851, who have shown that this glycoprotein is approx- 
imately 2.0% of the total dry weight of the seed coat or 
about 0.34% of the weight of the entire seed. 

Evaluation of Protein Quality of Soybeans. Com- 
parison of the essential amino acid (EAA) patterns 
(milligrams per gram of dietary nitrogen) of the two new 
soybean cultivars, and of the isolated fractions F1 and F2 
(Table V), indicates that both soybean cultivars contain 
significant amounts of all EAA required for both human 
and animal nutrition (Block and Mitchell, 1946; Oser, 1951; 
FAO/WHO, 1965), with methionine and tryptophan as 
the major limiting amino acids. These results are in close 
agreement with earlier findings by Zarkadas et al. (1993a) 
for the untreated soybean meal. 

An even more accurate assessment of the protein quality 
of foods was recommended by the U.S. Department of 
Agriculture (Expert Work Group, 1984), Lee et al. (1978), 
and Pellett and Young (1984). It involves the use of the 
determination of the complete amino acid composition, 
EAA content, and calculated protein efficiency ratio (PER) 
as indices of protein quality. Lee et al. (1978) defined the 
10 EAA (EAAlo) as being threonine, valine, methionine, 
isoleucine, leucine, phenylalanine, lysine, histidine, argi- 
nine, and tryptophan. The Joint FAO/WHO Expert 
Consultation Group (FAO/WHO/UNU, 1985; FAO/WHO, 
1990) have recommended that, in conjuction with in viuo 
protein digestibility data, the use of the reference amino 
acid pattern for the 2-5-year-old child be used as the 
reference pattern (Table V) in the evaluation of foods for 
1 1  persons except infants. The nine essential amino acids 
(EAA9) included all of the above except arginine (FAO/ 
WHO/UNU, 1985). Since cystine and tyrosine can replace 
methionine and phenylalanine, respectively, the two sulfur- 
containing (methionine plus cystine) and two aromatic 
amino acids (phenylalanine plus tyrosine) are usually 
considered together. 

The F2 fraction of soybeans had a mean value for total 
EAAlo that ranged from 46.1 to 46.4% and a calculated 
protein efficiencyvalue (Lee et al., 1978; Pellett and Young, 
1984) close to 2.7 (Table V). These values are in close 
agreement with those reported previously for the entire 
soybean seeds (Zarkadas, et al., 1993a) but are considerably 
higher than the average rat bioassay PER value of 2.3 for 
soybeans reported by others (Torun et al., 1981; Bodwell 
et al., 1980). Mean values for corrected amino acid scores 
ranged from 95 % in Maple Arrow to 93 % in AC Proteus. 
The F2 fractions from soybean contained all of the EAAs 
(FAO/WHO/UNU, 1985) ranging from 45.0 to 46.596, 
which is considerably higher than the 33.9% reference 
pattern value given by FAO/WHO (1990). These results 
correspond closely with the mean essential amino acid 
values (Table V) calculated according to the methods of 
Lee et al. (1978) and Pellett and Young (1984). 

The data presented in this paper show the variations 
that exist between the total protein and the protein-bound 
and free amino acid contents of two northern adapted 
soybean cultivars. As the content of total proteins was 

Zarkadas et al. 

increased in AC Proteus by breeding, the concentration 
of protein-bound arginine, aspartic acid, and histidine 
increased, while the levels of threonine, tryptophan, and 
methionine decreased by comparison with the parent 
Maple Arrow. From these results, it became evident that 
a potentially useful means for evaluating the protein 
quality of different soybean cultivars would be based on 
accurate quantitation of their amino acid composition, 
corrected for protein digestibility, as recommended by 
FAO/WHO/UNU (19851, FAO/WHO (19901, Pellett and 
Young (1984), and Zarkadas et al. (1993a,b). 
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