Potential 3-Sheet Surfaces of Soybean Seed Proteins

John A. Rothfus*
Biopolymer Research, NCAUR, USDA, ARS, Peoria, lllinois 61604

ABSTRACT: Volume and amphiphilicity profiles computed for
B-sheet conformations of soybean seed proteins (the acidic and
basic subunits of glycinin, the o subunit of B-conglycinin, an
extensin-like high-proline protein, and a lipid body oleosin)
were compared to profiles for selected nonseed proteins and
random-sequence polypeptides. The major soy proteins resem-
ble fibrinogen more than silk or collagen but are differentiated
from each other by surface polarity. Polarity in acidic glycinin
fluctuates somewhat regularly and symmetrically along both
sides of the B-sheet, but in basic glycinin, polarity on one side
is fourfold that on the other throughout 70% of the protein.
Polar residues distribute equally on either side of the B-cong-
lycinin subunit, but half of the acidic and basic residues con-
centrate in the N-terminal third of the molecule. The remainder
of the B-conglycinin contains 90% of the molecule’s tyrosine,
of which 70% is along one side. In the high-proline protein,
90% of the tyrosine distributes to one side of a B-sheet; 95% of
the acidic residues to the other. Only soy oleosin approximates
the per-residue volume, polarity, and uniformity of silk or colla-
gen. Its 85-residue central lipophilic domain is much less polar
than silk and nearly as uniform.
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Certain proteins, such as silk and collagen, have relatively
uniform dimensions and nonpolar molecular surfaces that
allow them to self-associate into tough, pliable, quite valu-
able materials. Specially engineered proteins promise equally
valuable properties that, furthermore, can be regulated by
chemical synthesis (1) or by systematic application of recom-
binant genetics (2). In addition, proteinaceous mixtures that
are not as uniform nor as apolar as silk or collagen can be ren-
dered more durable by various chemical crosslinks analogous
to those used in plastics. Salt bridges, for example, strengthen
cured casein glues (3), and covalent intermolecular conden-
sations stabilize fibrin in clotting blood (4).

Such knowledge of protein versatility strengthens convic-
tion that plant proteins, which are among the world’s most
abundant and renewable polymers, should be examined sys-
tematically for elements that lend themselves, directly or after
chemical modification, to uses presently served by petroleum-
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based polymers. Similar conviction led Henry Ford to incor-
porate soybean proteins into automobile parts a half century
ago (5), only to see them replaced by petrochemical resins for
economic and performance reasons.

Unlike Ford’s time, energy and environmental concerns
now justify biofuels development and promise cheap protein
by-products from fuel processes. With market conditions
more favorable, it is again appropriate to concentrate on the
performance of agricultural commodities in nonfood materi-
als. Fortunately, knowledge of protein structure, the ultimate
determinant of performance, is accumulating rapidly, and
molecular biology provides the means to adjust and magnify
desirable structures once they are identified.

Because useful properties of industrial materials arise as
much from weakly bonded interactions of regular molecular
surfaces as from covalent structure, it is important to identify
the kinds of surfaces allowed by the primary structures of
plant proteins. Accordingly, this work describes the distribu-
tion of volume and polarity along molecular surfaces gener-
ated from known sequences for soybean seed proteins in
BB-sheet conformations.

EXPERIMENTAL PROCEDURES

Volume and amphiphilic character profiles were computed
from amino acid sequence data by a moving window analysis
as described by Rose et al. (6). Molecular hydrated volumes
and amphiphilicities are summations of amino acid residue
dimensions and amphipathic characteristics collected by oth-
ers (Table 1). Unless specified otherwise, sequence residue
numbers are inclusive, volumes are in A3, and amphiphilici-
ties are in arbitrary units (a.u.). Values assigned to alternate
residues were summed separately to estimate bulk and polar-
ity on either side of each extended polypeptide chain. Side A
thus represents odd-numbered residues; Side B, even-num-
bered. Molecular values, which remain unmodified for termi-
nal structure and charge, are expressed on a per-residue basis
to facilitate comparisons between different-size molecules or
segments.

Uniformity of volume and amphiphilicity on each side of
a molecule or segment was estimated on a per-residue basis
by calculating volume or amphiphilicity dispersions, i.e., the
standard deviation of each property for a specific sequence or
side. Thus, for example, homopolypeptides have volume and
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TABLE 1 TABLE 2

Amino Acid Residue Volumes and Amphiphilicities Proteins

Acid Volume? (A3) Amphiphilicity® (a.u.) Designation Protein Residues  Reference
Isoleucine 169 =73 Soybean

Phenylalanine 203 -61 SG2AGLY G2 acidic glycinin 278 10
Valine 142 -54 SG2BGLY G2 basic glycinin 185 10
Leucine 168 -53 SABCNGLY  B-conglycinin, o subunit 583 11
Tryptophan 238 =37 SHIPRO pro-rich protein (SbPRP2) 203 12
Methionine 171 =26 SOLSN 24-kDa oleosin 223 13
Alanine 92 =25 Miscellaneous

Glycine 66 -16 SILK2 Nephila clavipes Spidroin2 627 14
Cysteine 106 —4 HCOLATX human a1(X)collagen 680 15
Tyrosine 204 -2 HGFBGN human fibrinogen, y-chain 411 16
Proline 129 7 BCASEINB bovine BA%-casein 209 17
Threonine 122 18

Serine 99 26

Histidine 167 40

Glutamic acid 141 62 gous to molecules in hydrocarbon plastics. Depending on
ésiz:zi:‘ee 12? Zg composition, sequence, and hydrogen bond structure, other
Aspartic acid 114 7 proteins adopt three-dimensional conﬁguratlons that are far
Lysine 176 110 more complex but also more susceptible to change with
Arginine 181 176 changes in their molecular environments. Knowledge of para-

4Chen and Bendedouch (Ref. 7). bEisenberg et al. (Ref. 8).

amphiphilicity dispersions of zero while peptides with uni-
form distributions of equimolar quantities of each of the
twenty common amino acids on each side give volume and
amphiphilicity dispersion values of 42 and 62, respectively.
Certain alternating sequences, €.g., polyglycyltryptophan or
polyisoleucylarginine, have the greatest volume (86 A% and
amphiphilicity (125 a.u.) dispersions overall while maintain-
ing zero dispersions on either side of the peptide backbone.

Sequences were generally derived from nucleic acid data.
Each side of a sequence was scanned from N-terminus to
C-terminus at a window width of 5 residues (i.e., index
residue + 2 residues). Larger or smaller window widths di-
minished or obscured profile details.

A general frame of reference was established by similar
analyses of fifty 100-residue random sequences and five
1000-residue random sequences generated from a random-
ized amino acid population, weighted according to the fre-
quency of occurrence of amino acid residues in known pro-
tein sequences (9). For comparison purposes, several nonseed
and nonplant proteins were also examined. Proteins discussed
in this work are listed in Table 2 along with designations by
which they are identified.

RESULTS AND DISCUSSION

With backbone chains of carbon and nitrogen atoms, the sim-
plest polypeptides resemble hydrocarbon polymers. Their
monomeric units, which range from 66 to 238 10\3, are, further-
more, about the size of those in common plastics such as poly-
ethylene (55 A% and polystyrene (190 A%). Thus, silk, in
which the small amino acids glycine, alanine, and serine pre-
dominate, readily assumes a stable B-sheet conformation with
many of its backbone atoms arranged in zigzag chains analo-
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meters that control conformations of seed proteins is thus fun-
damental to adapting them to nonfood uses. Idealized B-sheet
conformations provide convenient means to inspect the pro-
teins for features that can affect their surface properties, even
though their primary structures, which often include numer-
ous proline residues, may favor alternative conformations.
Random sequences. Arithmetic averages suggest that com-
pletely random polypeptide sequences should have average
residue volumes of 149 A3, which is slightly larger than the
average monomeric volume for typical hydrocarbon poly-
mers. Amphiphilicities would average 14.6 a.u. per residue.
This is much more polar than —9 a.u. per methylene, which
might be expected for polyethylene if an average of the am-
phiphilicity differences between valine and isoleucine or
leucine is an accurate estimate of methylene polarity.
Sequences selected randomly from an amino acid popula-
tion that reflects natural abundance (9) are somewhat differ-
ent from arithmetic means. Analyses of 55 such sequences,
representing 10,000 residues, led to the per-residue values
given in Table 3 for an average random [B-structure. In gen-
eral, these values are consistent with the natural predomi-
nance of small and polar amino acids (9), the range of amino
acid volumes from 66 to 238 1&3, and the fact that amino acid
amphiphilicities span a range from —73 to 176 a.u. As antici-

TABLE 3
Per-Residue Volume and Amphiphilicity of a Random B-Sheet Protein?

Volume  Dispersion ~ Amphiphilicity ~Dispersion
(A% A% (a.u.) (@.u.)
Complete
sequence 142 +2 391 14940 66 + 3
Side A 141 %3 402 16.4+59 67 +3
Side B 142 %3 39x2 134243 64 x4

#Average values = SD from fifty 100-residue and five 1000-residue sequences
selected randomly from a randomized population consistent with natural
abundance (Ref. 9); a.u., arbitrary units.
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pated, values for volume and dispersions in random se-
quences indicate little or no variation from side to side or
from sequence to sequence. Amphiphilicity averages, how-
ever, suggest substantial variation. Furthermore, distributions
of specific amino acids to either side of random B-sheet se-
quences averaged +3.5 residues from half the total for each
type; not zero or £0.5.

The asymmetry implied by these unexpected deviations
from means was especially apparent in two of the five 1000-
residue random sequences. Volume and amphiphilicity pro-
files for segments from these two sequences are given in Fig-
ure 1. Approximately 20-25% of each sequence is noticeably
different from the remainder, due to random aggregation of
extreme values. In random natural-frequency polypeptide 1
(RNDNF1), residues 305-485 have the volume expected of a
random sequence, but this segment’s polarity is reduced well
below average on Side B (~1.9 a.u.) and increased above av-
erage on Side A (21.3 a.u.), due to a concentration of polar
residues near 405. In RNDNFS5, a segment, 160-293, that has
a relatively small per-residue volume (135 A%) overlaps an-
other, 110240, in which volume (136 A®) and polarity (3.5
a.u.) are both below average.

Examination of random sequences provides a tentative
context within which to recognize features that differentiate
protein surfaces. Rigorous guidelines await much additional
data. Significant differences in properties, however, should
accompany per-residue differences of more than 4-6 A> and
8-12 a.u. Likewise, dispersion differences of more than 5%
should indicate significant differences in surface uniformity,
provided clusters of extreme properties are recognized and
profiles justify comparisons. Fortunately, nonrandomness is
often quite obvious in natural protein sequences.

RNDNF1

500 600

200 300 400

FIG. 1. Volume (upper panel) and amphiphilic (lower panel) profiles of
two random polypeptide sequences [random natural-frequency
polypeptide (RNDNF1, RNDNF5)] in extended R-sheet conformation.
Upper curve in each pair represents Side A of the peptide chain; lower
curve, Side B. Properties are displayed, left to right, from N-terminus to
C-terminus. Volumes are in A%; amphiphilicities, arbitrary units. Tick
marks indicate 100 residues.
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Nonplant proteins. Compared to the random sequences,
spider silk (Fig. 2, SILK?2) is remarkably narrow and apolar.
Its uniform, nearly hydrocarbon-like architecture appears
ideal for self-association and flexibility. Regular notches of
reduced volume and polarity along these profiles coincide
with repeated short sequences of polyalanine, which are sus-
pected (18) to undergo reversible helix formation and thereby
impart elasticity to silk fibers. Though it is not obvious from
the SILK2 profiles, it is extremely interesting from the stand-
point of chemical reactivity that two-thirds of the protein’s
tyrosine residues and nearly 60% of its serine residues are
aligned along Side A of the B-sheet.

The portion of human collagen (Fig. 2, HCOLA1X) that
survives post-translational editing (residues 57-519), like-
wise, has a smaller diameter and is more uniform in volume
than random sequences, but its amphiphilicity profile evi-
dences a surface more polar and varied than that of silk. Such
differences appear consistent with differences in the physical
properties of these two materials. Analogous to silk, collagen
concentrates 60-70% of its tyrosine, histidine, and serine
residues on Side A of the f-sheet.

In contrast, the y-chain of human fibrinogen (Fig. 2,
HGFBGN), the principal constituent of fibrin, exhibits none
of the uniformity seen in silk or collagen, even though it like-
wise contains elements of a durable solid. This attests to the

3 N, G
0 100
HGFBGN

0 100 200 300 400

FIG. 2. Volume and amphiphilic profiles of selected nonseed proteins.
Properties are displayed as in Figure 1. HCOLA1X profiles include N-
terminal and C-terminal noncollagenous sequences of 56 and 161
residues, respectively. SILK2, Nephilia clavipes Spidroin 2; HCOLATX,
human a1(X) collagen; HGFBGN, human fibrinogen, y-chain.

JAOCS, Vol. 72, no. 5 (1995}



504

importance of multiple mechanisms of molecular interaction
in the formation of useful materials.

Soybean seed proteins. Profiles of major soybean cotyle-
don proteins in Figure 3 clearly demonstrate that they are nei-
ther random nor are they as uniform as collagen or silk.
Though different in molecular weight, the soybean proteins
appear quite similar overall in the distribution of volume along
each sequence, Only SG2BGLY, which has a slightly smaller
per-residue volume, is noticeably asymmetric from residues
30 through 160. This segment, which accounts for 70% of the
molecule, is about 4% larger on Side A than Side B.

Amphiphilicity profiles also attest to the unusual nature
of SG2BGLY, which is much less polar (12.9 au.) than
SG2AGLY (27.6 awu.) or SABCNGLY (30.2 a.u.). In
SG2AGLY, concentrations of polar residues occur to about
the same extent on either side of the molecule at regular in-
tervals. SG2BGLY lacks this regularity. Most intriguing, the
30-160 segment in SG2BGLY exhibits a definite nonpolar
side that is not obvious in the other proteins: Side A, 12.8 a.u;
Side B, 3.0 a.u. Peptides that exhibit such alternation of hy-
drophobicity and hydrophilicity between alternate residues
tend to form B-sheets (19). Accordingly, the results lead to
conjecture that the bulk of SG2BGLY should readily assume
the B-sheet conformation and might, therefore, easily form
membranous molecular complexes.

SG2AGLY

500

0 100 200 300 400

FIG. 3. Volume and amphiphilic profiles of major soybean cotyledon
proteins. Properties are displayed as in Figure 1. SGZAGLY, G2 acidic
glycinin; SG2BGLY, G2 basic glycinin; SABCNGLY, B-conglycinin, o
subunit.
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Conversely, it seems likely that SG2AGLY, which exhibits
a much different amphiphilicity profile, will interact differ-
ently with self and neighboring molecules. The synchronous
distribution of polarity along both sides of SG2AGLY is rem-
iniscent of SILK?2 profiles (Fig. 2), even though the soy pro-
tein is more polar and irregular. Silk fiber is thought to con-
sist of a series of ordered regions, stacked antiparallel
B-sheets derived from multiple peptide chains, separated at
regular intervals by less polar polyalanine segments of unde-
fined structure (18). Perhaps SG2AGLY contributes texture
to soy protein preparations by analogous association of or-
dered regions that are stabilized through ionic bonding.

Considering that ionizable residues constitute 20 and 28%
of the residues in SG2BGLY or SG2AGLY, respectively, it is
obvious that pH will affect substantially any interactions in
which they participate. The same is true for SABCNGLY, in
which 36% of the amino acids are ionizable.

Both sides of SABCNGLY are essentially equal overall,
but less than a third of the molecule (residues 1 through 175)
concentrates essentially half of the acidic and basic residues
and only 11% of the most hydrophobic residues. In B-casein
(17), a component of commercial casein glues, half of the
molecule’s acids and bases are likewise concentrated near the
N-terminus, but overall the molecule is less polar than
SABCNGLY by nearly 20 a.u. per residue.

If SABCNGLY could be cleaved at residue 175, the per-
residue amphiphilicity of the N-terminal fragment would
nearly double to 52.6 a.u. while that of the C-terminal frag-
ment would fall to 20.6 a.u., leaving it still more polar than a
random sequence (Table 3). Polarity and volume would be
about the same on either side of the C-terminal fragment, but
70% of its tyrosines would be on Side A, 60% of its serine
and threonine on Side B.

Because charged residues enhance solubility, and bulky
aromatic or basic residues commonly provide sites for en-
zymic proteolysis, it is not surprising that the soy cotyledon
proteins, with such residues distributed throughout their se-
quences, find good use in foods. Unfortunately, these same
advantages tend to diminish any ability of the unmodified
proteins to substitute directly for hydrocarbon polymers.

Other soybean proteins appear better suited to nonfood use
in films, coatings, plastics, etc. Figure 4 gives profiles for two
examples of unusually repetitive sequences. One of these,
SHIPRO, produces a remarkably uniform profile due to
highly repetitive structure in which the sequence Pro-Val-
Glu-Pro-Pro-Val-Tyr-Lys-Pro is duplicated some 18 times
with only five to six amino acid replacements. Averaging in-
herent in the moving window analysis can produce essentially
invariant profiles for such repetitive sequences. Actually, the
volume dispersion for SHIPRO is 25 A3 and the amphiphilic-
ity dispersion is £53. In the B-sheet conformation, SHIPRO
is as asymmetric as SG2BGLY. Differences between Side A
and Side B evidence size and polarity distributions that would
be consistent with a natural tendency toward f-sheet struc-
ture and possible film formation (19). This asymmetry is due
primarily to the curious distribution of essentially all of the
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FIG. 4. Volume and amphiphilic profiles of a proline-rich protein from
soybean seed coat (SHIPRO) and a soy oil-body oleosin (SOLSN). Prop-
erties are displayed as in Figure 1.

molecule’s acidic residues along Side A and more than 90%
of its tyrosine residues along Side B, which is an even more
extreme segregation than that seen in SILK2.

Though treated here as a high-proline sequence, SHIPRO
is analogous in both structure and occurrence to a group of
hydroxyproline-rich glycoproteins known as extensins (20).
The gene for this soybean protein is highly expressed in the
root and immature seed coat (12). Quite likely it is hydroxy-
lated and glycosylated like other extensins if it survives in the
mature seed. Hydroxylation, of course, would increase the
protein’s volume and amphiphilicity from levels given above.
Although its uniform structure would not change markedly, a
hydroxylated SHIPRO probably would find stable conforma-
tions that are quite different from those preferred by the non-
hydroxylated version.

Another soybean protein, SOLSN (Fig. 4), is especially in-
teresting because it likely occurs unmodified in the mature
bean and, therefore, should offer better prospects for avail-
ability. Oil bodies isolated from seeds of several oil-bearing
plants contain oleosins, which are proteins that share highly
conserved and extremely hydrophobic sequences, generally
70-80 residues in length (21). Tzen and co-workers (22) esti-
mate that such proteins may account for as much as 7% of
total protein in rapeseed. They further propose that the hy-
drophobic domains in these oleosins form antiparallel
B-structure loops that protrude into the triglyceride-rich ma-
trix of the oil body while polar portions of the proteins com-
bine with phospholipids to constitute the lipid body mem-
brane (21).

Opverall, the soybean oleosin identified by Kalinski and co-
workers (13), SOLSN, is smaller per-residue (134 A%) and
much less polar (8.2 a.u.) than a random protein (Table 3). An
85-residue peptide that should be released by enzymic diges-
tion of SOLSN with trypsin would have about the same per-
residue size, but it would be much more hydrophobic (—24.2
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a.u.) and might, therefore, make an excellent candidate for in-
clusion in plastics.

Table 4 summarizes pertinent quantitative data from analy-
ses of the proteins discussed above. A comparison of residue
volumes and amphiphilicities evidences marked differences
among the examined proteins. The major soy cotyledon pro-
teins and fragments from them are more like the fibrin-form-
ing element of fibrinogen than silk or collagen.

Volume dispersion values suggest that, in terms of space
filling and packing, soy proteins are as uniform or perhaps
more uniform than most proteins (Tables 3 and 4). However,
they definitely lack the uniform polarity typical of hydrocar-

TABLE 4
Residue Volumes and Amphiphilicities of B-Sheet Proteins?
b

Protein Volume  Dispersion®  Amphiphilicity Dispersion®
(A (A% (@u.) (a.u.)
SG2AGLY
Side A 142 37 27.4 63
Side B 141 38 27.7 66
SG2BGLY
Side A 140 37 14.9 60
30-160¢ 143 37 12.8 61
Side B 140 38 10.9 66
30-160 137 39 3.0 58
SABCNGLY
Side A 148 35 28.9 69
1-175 150 33 50.8 67
176-583 146 35 19.4 68
Side B 143 35 315 67
1-175 143 29 54.5 55
176-583 144 37 21.8 69
SHIPRO
Side A 146 20 25.9 55
Side B 153 31 15.3 51
SOLSN
Side A 134 39 9.9 64
49-133 134 46 -19.4 43
Side B 134 37 6.4 61
49-133 134 38 -29.2 38
SILK2
Side A 110 42 0.3 34
Side B 106 39 0.4 37
HCOLATX
Side A 125 44 5.0 49
80-500 115 41 5.6 46
Side B 124 43 7.3 54
80-500 116 43 10.6 55
HGFBGN
Side A 141 41 21.9 61
Side B 142 43 12.0 58
BCASEINB
Side A 147 32 11.0 61
1-48 142 29 395 65
49-209 149 33 2.6 57
Side B 145 29 10.4 53
1-48 147 27 29.8 60
49-209 144 30 4.5 49

“Average per-residue volume or amphiphilicity. See Table 2 for protein des-
ignation.

bStandard deviation of residue volume or amphiphilicity values for se-
quence. a.u., Arbitrary units,

“Inclusive residue numbers.
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bon polymers. Polarity varies about twice as much in soybean
proteins as it does in silk.

Only values for the soy oleosin fragment approach the per-
residue volumes and uniform polarity of silk or collagen
while exceeding their hydrophobicities. Similarly, a fragment
from SG2BGLY approximates the polarity of collagen better
than does the whole soy protein. The challenge to make use-

ful

materials from soybean proteins may be as much a chal-

lenge to identify and secure useful parts from them as it is to
enrich single natural components.
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