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subunit of the MP enzyme is enough like the CAM mol-
ecule to compete with it in such protein interactions.

ABBREVIATIONS

CAM, calmodulin (soybean calcium-binding protein);
cAMP, cyclic adenosine monophosphate; DEAE, (di-
ethylamino)ethyl; EGTA, ethylene glycol bis{3-aminoethyl
ether) N,N,N’,N-tetraacetic acid; HPLC, high-pressure
liquid chromatography; MP, monophosphatase; PDE,
phosphodiesterase; W-7, N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide.

Registry No. MP, 9013-05-2; PDE, 9025-82-5.
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Comparative Digestibility of Legume Storage Proteins

S. Suzanne Nielsen,* Sudhir S. Deshpande, Mark A. Hermodson, and M. Paul Scott

Native and heated legume storage proteins were digested with various proteinases. Gel electrophoresis
patterns indicated that phaseolin (dry bean) was most resistant to digestion, vicilin (pea) was most
susceptible, and glycinin and 8-conglycinin (soybean) were intermediate in susceptibility to various
proteinases. The native proteins were cleaved by trypsin and chymotrypsin in only limited areas of
the molecule, but they were all readily degraded upon heating. N-Terminal sequence analysis of the
major breakdown products from phaseolin digestion and hydrophilicity and surface probability de-
terminations indicated that trypsin, chymotrypsin, and papain cleave native phaseolin near the center
of the protein molecule at a hydrophilic region predicted to be on the surface. This region in phaseolin
is highly homologous in sequence with hydrophilic regions in vicilin and 8-conglycinin.

The resistance of native legume proteins to proteolysis
by mammalian digestive enzymes is an important factor
contributing to the poor nutritive value of the unheated
protein (Romero and Ryan, 1978; Liener and Thompson,
1980). Considerable attention in this regard has focused
on phaseolin, the major storage protein of dry beans,
Phaseolus vulgaris. While heated phaseolin is readily
susceptible to proteolysis (Liener and Thompson, 1980;
Bradbear and Boulter, 1984; Deshpande and Nielsen,
1987), native phaseolin has been shown to be largely re-
sistant to complete hydrolysis by trypsin, chymotrypsin,
and pepsin (Romero and Ryan, 1978; Liener and
Thompson, 1980; Bradbear and Boulter, 1984; Deshpande
and Nielsen, 1987). The inaccessibility of phaseolin to
enzymes has been attributed to its structural properties
(Romero and Ryan, 1978), particularly its compact
structure (Chang and Satterlee, 1981). Native phaseolin
1s much more resistant to pepsin than trypsin and is more
rapidly hydrolyzed by trypsin than chymotrypsin (Romero
and Ryan, 1978; Vaintraub et al., 1979; Liener and
Thompson, 1980; Deshpande and Nielsen, 1987). Trypsin
and chymotrypsin have been shown to cleave native pha-
seolin in such a way that the halves of the molecule remain
intact (Liener and Thompson, 1980; Bradbear and Boulter,
1984; Deshpande and Nielsen, 1987). Previous studies
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have also observed that the patterns of native phaseolin
disappearance and the appearance of degradation products
suggest each subunit is cleaved in a similar position near
the center of the subunit (Romero and Ryan, 1978;
Deshpande and Nielsen, 1987). However, enzyme cleavage
sites for native or heated phaseolin have not been deter-
mined. Information on the nucleotide sequence of pha-
seolin subunits (Slightom et al., 1983) now allows these
determinations to be made.

Legume proteins are known to differ in their nutritive
value. When the nutritive value of unheated dry beans,
peas, and soybeans is compared, that of dry beans is lowest,
that of peas highest, while that of soybeans intermediate
(Evans and Bandemer, 1967). While the nutritive value
of dry beans and soybeans is greatly increased by heat
treatment, that of peas is not appreciably increased (Evans
and Bandemer, 1967). The described differences in nu-
tritive value exist between the three legumes despite the
fact that they contain nearly equal quantities of methio-
nine and/or cystine (Kakade, 1974). It has not been de-
termined whether these differences in nutritive value be-
tween legume proteins can be accounted for by the di-
gestibility of the proteins.

Digestion of native and heated phaseolin by various
proteinases has been studied (Deshpande and Nielsen,
1987), but essentially no information is available on the
digestion of vicilin (Pisum sativum). While tryptic hy-
drolysis of glycinin and 3-conglycinin (Glycine max) has
been examined (Lynch et al., 1977; Kamata and Shibasaki,
1978; Kamata et al., 1979a,b, 1982), little is known about
the degradation of these proteins by other proteinases.
One research group (Vaintraub et al., 1976, 1979) observed
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that native glycinin is more readily hydrolyzed by trypsin,
chymotrypsin, or pepsin than is native phaseolin. How-
ever, results from studies that report the degradation of
legume storage proteins by proteinases generally cannot
be compared since digestion conditions differ.

The subunits of the 7S legume storage proteins, pha-
seolin, vicilin, and 8-conglycinin, are similar in amino acid
sequence. The 7S and 118 legume proteins differ in amino
acid sequence but are similar in predicted protein structure
preference (Argos et al., 1985; Schuler et al., 1983). Thus,
one would expect them to be broken down in similar ways
by digestive enzymes. Similar regions in the proteins
would be expected to be hydrophilic and positioned on the
protein surface for accessibility to proteinases, but such
determinations have not been made.

Information on legume protein digestibility and struc-
ture is important to plant molecular biologists to improve
the nutritive value of legumes by genetic engineering.
Molecular biologists must have not only information about
the amino acid sequence of the protein but also knowledge
of where proteins are cleaved by mammalian proteinases.
Efforts might then be made to modify the protein to en-
hance the cleavage by proteinases, thereby improving the
bioavailability of the protein.

The purpose of this investigation was to compare
qualitatively the degradation patterns of native and heated
legume storage proteins by different proteinases. Cleavage
sites in native phaseolin for major proteinases were de-
termined, and that region was compared to the other le-
gume storage proteins with regard to protein sequence and
surface probability.

MATERIALS AND METHODS

Preparation of Legume Storage Proteins. Phaseolin
was isolated from P. vulgaris L. var. Improved Tender-
green by the method of Hall et al. (1977), who referred to
their preparation as the G1 fraction. The isolation pro-
cedure was repeated to precipitate the phaseolin three
times before it was dialyzed against distilled water and
lyophilized. Vicilin was isolated from P. sativum var. Blue
Bantam according to the procedure of Gatehouse et al.
(1981), which uses precipitation with ammonium sulfate
and fractionation on a column of Ultrogel AcA 22. The
B-conglycinin and glycinin were isolated from G. max var.
Century as described by Coates et al. (1985). The glycinin
obtained by this procedure was further purified on a Se-
pharose CL-6B column and the 11S peak collected, dia-
lyzed against distilled water, and lyophilized.

Digestion of Proteins for SDS-PAGE. The following
enzyme preparations were obtained from Sigma Chemical
Co., St. Louis, MO: trypsin (from bovine pancreas, Type
III-S, 13000 units/mg of protein on BAEE, Lot 65.5-8190),
chymotrypsin (from bovine pancreas, Type II, 48 units/mg
of protein on BAEE, Lot 15F-8160), bacterial protease
(subtilisin Carlsberg, from Bacillus subtilis, Type VIII, 11.9
units/mg of casein, Lot 104F-0099), pronase E (from
Streptomyces gresius, Type XIV, 5.8 units/mg on BAEE,
Lot 113F-8135), aminopeptidase (from porcine intestinal
mucosa, 100 units/g on L-leucine 8-naphthylamide, Lot
80F-80101), and pepsin (from porcine stomach mucosa,
3200 units/mg of protein, Lot 64F-8080). Unless men-
tioned otherwise, all chemicals used were of reagent grade.

The legume storage proteins were dissolved in the ap-
propriate buffer at 2.5 mg/mL, and an aliquot (500 ug of
Lowry protein) was digested with the proteinases. The
buffer systems selected for the different proteinases used
were 50 mM Tris-HC], pH 8.1, containing 20 mM CaCl,
for trypsin and chymotrypsin; 50 mM phosphate buffer,
pH 7.5, for subtilisin and pronase E; 50 mM phosphate,
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pH 7.1, for aminopeptidase; 50 mM phosphate, pH 6.2, for
papain; and 50 mM HCI for pepsin. Heated protein sam-
ples were prepared by dissolving them in the appropriate
buffer and heating the stoppered test tubes in a boiling
water bath at 99 °C for 15 min. All native (unheated)
digestion assays were conducted at 37 °C with a 10:1 or
100:1 protein to enzyme ratio, while only a 100:1 ratio was
used for the heated proteins. The digestion reaction (30
min, except for the time course studies) was stopped by
adding the sample buffer for SDS-PAGE (0.05 M Tris-
HC], pH 6.8; 1% SDS, 30% glycerol, 2% B-mercapto-
ethanol, and 0.01% bromophenol blue) and immediately
heating the tubes at 99 °C for 3 min prior to electropho-
resis. For each enzyme, all assays were carried out at least
in duplicate, and the gels shown are for a typical run.

SDS-PAGE. SDS-PAGE was performed by the me-
thod of Fling and Gregerson (1986) with a 8-25% linear
gradient and no urea present. The molecular weight
marker proteins phosphorylase b (94 kDa), bovine serum
albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase
30 kDa), soybean trypsin inhibitor (20.1 kDa), and «-lac-
talbumin (14.4 kDa) were from Pharmacia Inc., Piscata-
way, NJ, and the low molecular weight kit containing
myoglobin polypeptide backbone (16.95 kDa), myoglobin
fragments I + II (14.4 kDa), fragment I (8.16 kDa), frag-
ment II (6.21 kDa), and myoglobin fragment III (2,51 kDa)
was from Sigma.

Digestion of Phaseolin for Sequence Analysis.
Native phaseolin was dissolved in 0.1 M ammonium bi-
carbonate at pH 7.8 (for trypsin and chymotrypsin di-
gestion) or 50 mM phosphate at pH 6.2 (for papain) and
reacted wtih trypsin, chymotrypsin, or papain for 4 h at
37 °C, using a 100:1 protein to enzyme ratio. The reaction
was stopped by adding formic acid to a final concentration
of 9%. Samples were then dialyzed against 9% formic
acid, with 12000-14 000 molecular weight cutoff tubing.
Dialysis was utilized to remove any small peptides that
might interfere with the determination of the N-terminal
sequence of the major breakdown products.

N-Terminal Sequence Analysis. The N-terminal
sequences of the major phaseolin breakdown products from
digestion with trypsin, chymotrypsin, and papain were
determined by Edman degradation on a Beckman Model
890C protein sequencer. The N-terminal sequences were
matched to the amino acid sequence obtained from the
translation of the nucleotide sequence coding for phaseolin
(Slightom et al., 1983). The molecular weights of the major
breakdown products were calculated. Native phaseolin was
assumed to contain 399 amino acid residues, after a signal
peptide of 21 residues is cleaved from the total sequence
of 420 residues (Slightom et al., 1983).

Surface Probability and Hydrophilicity Plots.
Calculations of surface probability for legume storage
proteins were made with software described by Devereux
et al. (1984), and plots from these calculations were drawn
by the program LOTUS 1,2,3. Amino acid surface proba-
bilities were calculated by a procedure similar to that re-
ported by Emini et al. (1985), which is based on atomic
coordinates, side-chain geometry and energy calculations,
and solvent accessibility for 28 proteins (Janin et al., 1978).
Protein sequences used were reported by Slightom et al.
(1983) for phaseolin (8-subunit), Lycette et al. (1984) for
vicilin, Doyle et al. (1986) for 8-conglycinin (a’-subunit),
and Marco et al. (1984) for the glycinin (Gy2 subunit).
These same sequences and a procedure similar to that
described by Kyte and Doolittle (1982) were used to pre-
pare hydrophilicity plots for the legume storage proteins.

RESULTS
Trypsin Digests. The three subunits of native pha-
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glycinin as observed by SDS-PAGE in our study are gen-
erdlly smaller than the 29000 and 32000 molecular weight
fragments reported by Kamata and Shibasaki (1978).
However, in that study, glycinin was digested under con-
ditions of high ionic strength (0.01 M Tris-HC], pH 8.0,
with 0.5 M NaCl) and gels were run in the absence of a
reducing agent. It has since been reported that tryptic
digestion of glycinin (Kamata et al., 1979a), but not 8-
conglycinin (Kamata et al., 1982), is affected by ionic
strength. Our study and that of Kamata et al. (1982)
showed that trypsin hydrolysis of native §-conglycinin
resulted in the generation of five stable fragments. Kamata
et al. (1982) reported similar molecular weights for frag-
ments from trypsin hydrolysis of glycinin and 8-conglycinin
to suggest conformational similarity between the two
globulins. However, gels showirnig major breakdown
products in our study indicate the molecular weights to
be quite different between the two soy proteins. Protein
bands on SDS-PAGE have been obsetved previously to
appear between the a- and $8-subunits of 8-conglycinin.
These were thought by some authors to be different sub-
units (Thanh and Shibasaki, 1977) but suggested by others
to be simply a result of proteolysis (Barton et al., 1982).
Figure 1C clearly shows that these bands appear in the
very early stages of hydrolysis by trypsin.

Although legume seeds are generally always heated be-
fore consumption, results of this study suggest there are
differences between legumes in the ability of proteinases
to digest the native proteins. Native vicilin, glycinin, or
B-conglycinin may be degraded by pepsin in the stomach
sufficiently to allow further breakdown by trypsin or
chymotrypsin in the intestine. However, native phaseolin
is extremely resistant to pepsin digestion. Pepsin pre-
treatment does not increase digestion of native phaseolin
by trypsin (Vaintraub et al., 1979), not can a combination
of trypsin, chymotrypsin, and pepsin overcome its resist-
an¢e to proteolysis (Liener and Thompson, 1980). The
order in digestibility of the major storage proteins agrees
with the comparative results of nutritive value for the
unheated legume seeds. The observed ease by which vicilin
is degraded prior to heat treatment is consistent with its
relatively high nutritive value and its lack of improvement
upon heating.

The amino acid alignment of seed storage proteins de-
scribed by Argos et al. (1985) indicated that the cleavage
region in phaseolin is highly homologous in sequence with
the other 7S proteins such as vicilin and §-conglycinin
(Figure 4). Argos et al. (1985) noted that the greatest
predicted structural preference difference between the 118
and 7S seed storage proteins occurred just prior to the
junction between the acidic and basic polypeptides of the
118 proteins. The 118 molecules apparently have large
insertions of variable size in this region. These insertions
were predicted to have helical and turn conformations,
located on the protein surface, and therefore would be
accessible to hydrolytic enzymes. Glycinin subunits are
likely to be readily cleaved by proteinases in that region.
When amino acid sequences of the proteins are aligned on
the basis of homology of secondary structural preference
(Argos et al., 1985), the major trypsin cleavage site for
native phaseolin lies three amino acid residues to the right
of the end of this predicted exposed loop in glycinin. The
acidic and basic peptide components of glycinin are cleaved
in vivo at that site (indicated by arrow in glycinin sequence
in Figure 4). Surface probability plots indicate that this
general region in both the 7S and 118 seed storage proteins
is hydrophilic and is predicted to occur on the surface of
the protein (indicated by arrows in Figure 5). Cleavage
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by proteinases likely occurs in that region for all the native
protein molecules, and any additional cleavages depend
on unique characteristics of the protein.

In summary, results of this investigation increase the
understanding of legume protein digestibility and struc-
ture. The qualitative analyses of degradation patterns
from in vitro digestion of the proteins are consistent with
tests of nutritive value conducted in vivo. A comparison
of the region in native phaseolin cleaved by proteinases
to homologous regions in vicilin, 8-conglycinin, and glycinin
suggests that legume proteins are at least somewhat similar
in their degradation by proteinases.
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Reinvestigation of the Sapogenins and Prosapogenins from Alfalfa

(Medicago sativa)

Georges Massiot,* Catherine Lavaud, Dominique Guillaume, and Louisette Le Men-Olivier

The structures of the hydrolysis products of the alfalfa saponins have been reinvestigated as preliminary
studies of the native saponins. Identified known products are the soyasapogenols A, B, C, and E,
hederagenin, and medicagenic acid. Bayogenin and zanhic acid known from other sources have now
been characterized in alfalfa. The elusive lucernic acid is presumed to be a lactone artefact derived
from zanbhic acid, i.e. 16-hydroxymedicagenic acid. Five prosapogenins containing medicagenic acid and
zanhic acid (plus glucose, glucuronic acid, or sophorose) have been identified in the saponins hydrolysates;
their structures have been established without degradations and mainly rest on NMR and MS mea-
surements. An HPLC method is proposed for the determination of medicagenic acid content in alfalfa.

Alfalfa (lucerne, Medicago sativa, Papillionaceae) is one
of the richest sources of vegetable proteins in temperate
climates (Carlsson, 1983). The aerial parts of the plant
are used as a forage or are industrially processed to yield
leaf protein concentrates. These protein concentrates are
well balanced in amino acids and are rich in vitamins,
carotenoids, and xanthophylls (Gastineau and De Mathan,
1981). At the present time, they are one of the main
pigmentation sources in poultry rations (Livingston et al.,
1980). Their development however is somehow hampered
by their high content in antifeeding substances, which, at
high doses, bring loss of weight (Heywang and Bird, 1954)
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and a decrease in egg production (Anderson, 1957). Pre-
vious work has shown that these properties are linked to
saponins and especially to a triterpene, medicagenic acid
(1) (Gestetner et al., 1971), which was a subject of intense
study in the 1950s. It has also been shown that these
saponins strongly interact with cholesterol; they may show
promise in the treatment of hypercholesteremia and ath-
erosclerosis (Malinow et al., 1982). Despite all this work,
little is known today about their structure-activity rela-
tionship (Morris et al., 1961; Gestetner, 1971; Massiot et
al., 1986). As part of a cooperative program aiming at
introducing new varieties of alfalfa devoid of these unde-
sired properties, the structures of the saponins of all parts
of the plant are being reinvestigated. This first article
describes the extraction of the saponin mixture and their
hydrolysis into triterpenes. The following paper in the
series will report on the structures of the alfalfa root sa-

© 1988 American Chemical Society



