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Abstract—A comparative study of soybean and rapeseed protein hydrolysis by protosubtilin, an original Rus-
sian enzyme preparation widely used in animal feed production, has been performed. SDS-PAG electropho-
resis, HPLC, and mass spectrometry have been employed to analyze the obtained products. The soybean pro-
tein isolate used for hydrolysate production was obtained from a commercial supplier, and rapeseed proteins
were prepared from the meal by alkali extraction. Low molecular weight impurities were removed by ultrafil-
tration. The degree of protein hydrolysis has been shown to depend on the substrate-to-enzyme preparation
ratio, hydrolysis time, and protein concentration. Rapeseed protein hydrolysis by protosubtilin at an
enzyme/protein ratio of 1 : 20 and hydrolysis time of 20 h resulted in complete cleavage of the proteins present
in the raw material and the accumulation of oligopeptides (molecular weight less than 14 kDa) and free amino
acids, which accounted for 53 and 8% of the initial protein weight, respectively. In contrast to rapeseed pro-
teins, soybean proteins showed considerable gelling at the initial stages of hydrolysis, and the formation of
insoluble hydrolysis-resistant fragments was observed. The soluble part of the hydrolysate contained short

oligopeptides and free amino acids, which accounted for 13% of the initial protein weight only.
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INTRODUCTION

Soy and rapeseed have the highest potential as
sources of a plant protein that is increasingly used for
fishmeal replacement in feeds for animal, poultry, and
fish farming. Since the reserves of fish used for fishmeal
production are constantly decreasing, the development
of alternative feeds required by aquaculture expansion
all over the world is a task of increasing relevance. The
oil-bearing crops named above are produced in enor-
mous amounts, and this ensures a wide availability of
derived products, such as meal, cake, flour, and protein
concentrates, as well as isolates that are obtained from
the above and characterized by a relatively high protein
content [1—5]. Soy and rapeseed proteins have a bal-
anced amino acid composition and contain all amino
acids, even though the cysteine and methionine con-
tents are characteristically low [2—5]. The production of
protein hydrolysates from soy and rapeseed increases
the availability of plant proteins for the animal digestive
system and thus expands the possibilities of the use of
these proteins in animal feed production [6, 7]. How-
ever, the introduction of soy and rapeseed protein iso-
lates and concentrates into animal diets is hindered by
the presence of antinutrients, which are not absorbed by
the organism and can even pose a hazard to animal
health and development, since they impair the diges-
tion and absorption of feed components. This group of

compounds includes digestive enzyme inhibitors, glu-
cosinolates, phenol derivatives, saponins, phytic acid,
and a range of other molecules [8, 9]. An additional
purification stage is required for the removal of these
compounds from protein isolates and concentrates.
Another problem consists in the rather large size of pro-
teins, their propensity to aggregation and gelling (espe-
cially in the case of soy proteins), and partial denatur-
ation upon heat treatment during oil pressing and
extraction from the seeds of these oil-bearing crops.
Protein hydrolysate production acquires particular
importance if protein additives of plant origin are
intended for starting feeds for fish fry reared in aquacul-
ture. Fishmeal hydrolysates are the conventional com-
ponents of starting feeds for fish fry. Since the alkaline
and acidic proteinase activity in fish larvae intestine is
not sufficiently high, the feed administered at the
postembryonic developmental stage should contain free
amino acids, di-, oligo- and polypeptides, and low
molecular weight soluble proteins in a ratio close to the
composition of plankton organisms, which are the nat-
ural food of most fish, including fish fry [10, 11].

Soy protein use has long been the object of inten-
sive studies. Soy protein hydrolysate manufacturers
currently use mild enzymatic procedures of protein
hydrolysis instead of strong acids in order to eliminate
undesirable side reactions or products. However, the
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major problems that emerge upon proteolytic hydroly-
sis of soy proteins are related to insoluble fragment for-
mation, hydrolysate coagulation, and high enzyme
costs. The number of studies related to the production
of plant protein dispersions with a predefined hydroly-
sis depth is insufficient at present.

Soy and rapeseed protein hydrolysis by Flavour-
zyme 1000 L (Merck, Germany), Novozyme FM 2.0 L,
and Alcalase 2.4 L (Novozymes, Denmark) commer-
cial enzyme preparations produced in foreign coun-
tries was reported in [12—14]. Our earlier studies [15,
16] addressed the production of soy and rapeseed pro-
tein hydrolysates by treating the raw materials with an
enzyme preparation from king crab hepatopancreas.

The goal of the present study was a comparative
analysis of soy and rapeseed protein hydrolysis by pro-
tosubtilin, a commercial enzyme preparation devel-
oped in Russia, and an analysis of the composition of
the obtained hydrolysates.

METHODS

Shan’sun-90 soy isolate (the Yanta and Atlant
group of companies, Russia) with a raw protein con-
tent of 92% (as reported by the manufacturer), rape-
seed meal (Greinlyuks, Russia) with a raw protein
content of 37.3% (GOST (State Standard) 11048-95),
protosubtilin G3x enzyme preparation (Sibbiofarm,
Russia), and chemicals from Sigma (United States)
were used in the present study.

Protosubtilin. The preparation was rinsed with dis-
tilled water (1 : 10, wt/vol) prior to use, insoluble
material was separated by centrifugation at 25000 g for
15 min in a J2-21 centrifuge (Beckman, United States),
and the supernatant was concentrated by ultrafiltra-
tion through a membrane (MWCO 3 kDa) in a Milli-
pore cell (Millipore, United States) and lyophilized.

Total protein extraction from rapeseed meal. The
starting material was pounded with a pestle for 15 min
to obtain a fine powder. The powder was rinsed with
60% ethyl alcohol for 30 min with stirring and centri-
fuged at 25000 g for 15 min. The pellet was air-dried.
Proteins were extracted from the air-dry preparation
with 0.5 M NaCl for 2 hat apH of 10.5 and room tem-
perature with intensive stirring. The powder-to-liquid
ratio was 1—3% (wt/vol). The suspension pH was
adjusted to 10.5 with 2 M NaOH. Insoluble plant
debris was removed by centrifugation at 35000 g for
20 min. The supernatant was subjected to ultrafiltra-
tion through a membrane (MWCO 10 kDa) for the
removal of low molecular weight compounds extracted
together with the proteins. The protein solution was
diluted with water (pH of 8.0) or buffer (pH of 8.0) sev-
eral times during ultrafiltration in order to maintain a
protein concentration close to that in the starting
extract. The proteins were precipitated with 80% ethyl
alcohol (2 h, low temperature) for desalting, and the
pellet was collected by centrifugation and resuspended
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in water (pH 8.0) for further lyophilization orin 0.1 M
tris-HCI buffer, pH of 7.5, for further enzymatic
hydrolysis. The Kjeldahl method [17] was used to
assess the total protein content in the starting material
and the protein preparations.

Polyphenol detection in the protein preparations. A
qualitative color reaction with iron(III) chloride was
used to characterize the polyphenol content of the
preparations [18]. The color of the obtained protein
preparation solutions did not change after the addition
of 2—3 drops of a 5% FeCl; solution, which is indica-
tive of the absence of phenolic compounds.

Hydrolysis of the protein preparations. Hydrolysis
of the preparations (10—15 mg) by protosubtilin G3x
was performed without prior denaturation at a pH of
7.5 and room temperature, and the hydrolysis time was
varied. The protein concentration in the reaction mix
was 3 mg/mL, and the enzyme/substrate ratio was 1 : 20
or 1:100 (wt/vol). The reaction medium pH was read-
justed to 7.5 as acidification of the medium occurred
during hydrolysis. The reaction was stopped by heating
at 90°C for 2 min. The hydrolysates were cooled and
stored frozen at —20°C.

The Bradford method [19] was used to determine
the protein concentration.

Polyacrylamide gel electrophoresis. Protein prepa-
rations and hydrolysates were subjected to electropho-
resis in 15% PAG in the presence of 10% SDS accord-
ing to the procedure of Laemmli [20].

Amino acid analysis. Proteins and peptide were
hydrolyzed with 5.6 M HCI for 24 h at 110°C, and
amino acid analysis was performed on a SYKAM S430
amino acid analyzer (Sykam, Germany). The amino
acid analyzer was also used to assess the total content
of free amino acids in the hydrolysates.

Mass spectrometric analysis of protein hydrolysates.
The peptides were fractionated in an EASY-nLC 1000
nanoflow chromatographic system (Thermo Scien-
tific, United States) with an OrbiTrap Elite high-reso-
lution mass spectrometer (Thermo Scientific, United
States) as the detector. Intact peptide spectra were reg-
istered in the m/z range of 500—2000 at a resolution of
240000, the ions were fragmented in an HCD high-
pressure dissociation chamber, and fragment spectra
were recorded at a resolution of 60000. The peptides
were separated on a capillary column (150 mm X 75 um)
(Phenomenex, United States).

Chromatographic analysis of the hydrolysates. Hydro-
lysates were analyzed in a BREEZE HPLC system
(Waters, United States) equipped with a Phenomenex
Luna C18(2) column (100 zf, 5 um, 250 X 4.6 mm)
equilibrated with 0.1% trifluoroacetic acid, in an ace-
tonitrile concentration gradient (2 — 95% for 30 min)
at a flow rate of 1 mL/min and column temperature of
30°C. The volume of the sample injected onto the col-
umn was 20 uL. The peptides were detected at a wave-
length of 215 nm.

No.3 2018



296
RESULTS AND DISCUSSION

The products of oil-bearing crop processing attract
increasing interest as sources of easily available pro-
tein. Soy is currently the primary source of plant pro-
tein for the food industry and animal feed production
on a global scale. This is due to the wide availability of
soy processing products characterized by a relatively
high protein content. Rapeseed is among the five oil-
bearing crops cultivated at the largest scale worldwide,
even though it is less common than soy, cotton, pea-
nuts, or sunflower. Rapeseed can thrive at lower tem-
peratures than the crops listed above, and it therefore
acquires particular importance as a plant protein
source as the climatic conditions of Russia are consid-
ered. Rapeseed [21] and soy proteins [22, 23] have a
balanced amino acid composition characterized by a
sufficiently high content of sulfur-containing amino
acids and lysine.

Rapeseed proteins were extracted from defatted
meal according to a previously described procedure
[15] that allowed for the production of protein prepa-
rations free of the antinutrients present in rapeseed
meal. Rapeseed meal proteins were extracted with
0.5 M NacCl at a pH of 10.5 and a meal concentration
of 3% (wt/vol) at most. Some of the undesirable com-
ponents were removed by rinsing the meal with 60%
ethyl alcohol. Low molecular weight antinutrient
compounds, which were extracted together with the
protein, were separated by extract ultrafiltration
through membranes that retained compounds with a
molecular weight higher than 10 kDa. The proteins
were precipitated with ethyl alcohol at a 1 : 9 ratio
(vol/vol) at 4°C to remove NaCl, resuspended in water,
and lyophilized. Amino acid analysis showed that the
protein content in the obtained preparations was close
to 92%. Reaction with iron(I1I) chloride [18] did not
cause a color change in the protein solutions, which is
indicative of the absence of phenolic compounds. The
amino acid composition of the proteins preparations
was comparable to that of fishmeal, even though the
levels of certain amino acids differed [15].

A commercial protosubtilin preparation was used
for rapeseed and soy protein hydrolysis. According to
the manufacturer’s information, the preparation
included cooking salt, chalk, and corn flour, and the
insoluble material was therefore separated before use,
and the solution was concentrated and lyophilized.
Protosubtilin is a complex enzyme preparation of bac-
terial origin. The proteolytic enzyme subtilisin pro-
duced by Bacillus subtilis bacteria is the major compo-
nent of the preparation. The enzymatic activity of the
preparation is mediated by a complex of neutral and
alkaline proteases and the associated minor compo-
nents, including alpha-amylase, beta-glucanase,
xylanase, and cellulase. As reported by the manufac-
turer, protosubtilin shows maximal enzymatic activity
at a pH of 4—6 and 40—60°C. The total rapeseed pro-
tein includes globulins (~70% of the total protein)
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with a pl in the range of 4—7 [24] and albumins with a
pl of ~10 [25], whereas the pl of soy proteins ranges
from 4.5 to 6.4. Therefore, hydrolysis was performed at
a pH of 7.5 and room temperature, that is, the condi-
tions were close to optimal but allowed better protein
solubility.

A commercial soy protein isolate and rapeseed pro-
teins (3 mg/mL) were hydrolyzed with protosubtilin
under the conditions described above at a protosubti-
lin/protein ratio of 1/20 or 1/100 for 1, 4, and 20 h.
Denaturation of the proteins prior to hydrolysis did
not affect hydrolysis depth. The obtained hydrolysates
were analyzed by SDS-PAG electrophoresis (Fig. 1),
HPLC (Fig. 2), and mass spectrometry (Figs. 3 and 4),
and the free amino acid content of the hydrolyzates
was measured.

Globulins, the major rapeseed proteins, are solu-
ble in saline solutions. Globulins (MW ~300 kDa)
consist of six subunits that form a quaternary struc-
ture. Polypeptide chains of the subunits are partially
linked by disulfide bridges. A low molecular weight
(~12—14 kDa) and high solubility in water is charac-
teristic of albumins. An electrophoregram of rape-
seed protein hydrolysate is shown in Fig. l1a. As evi-
dent from Fig. 1a, virtually all high molecular weight
proteins were completely hydrolyzed within 1 h at a
protosubtilin/protein ratio of 1/20 or 1/100. The
molecular weight of peptides formed at a protosubti-
lin/protein ratio of 1 : 20 was lower than 14 kDa. The
cleavage rate of the peptides with molecular weights
of 10 to 14 kDa was reduced at a protosubtilin/pro-
tein ratio of 1 : 100. The reaction mix became slightly
cloudy at the initial stage of hydrolysis. One can
assume that large peptide fragments with an isoelec-
tric point of approximately 7.5 formed at that time
and were destroyed during the subsequent hydrolysis.
As a result, rapeseed protein hydrolysate mostly con-
tained components soluble at a pH of 7.5.

Thus, rapeseed protein hydrolysis by protosubtilin
for 20 h at an enzyme/protein ratio of 1 : 20 resulted in
complete destruction of the proteins and accumula-
tion of low molecular weight oligopeptides (molecular
weight lower than 14 kDa) that accounted for 53% of
the starting protein material (by weight) and free
amino acids that accounted for 8% of the starting
material. Chromatograms of the obtained rapeseed
protein hydrolysates after 20 h of protosubtilin treat-
ment at different enzyme/protein ratios are shown in
Figs. 2a and 2b. The hydrolysis of starting protein
material was apparently deeper at a ratio of 1 : 20, as
the content of smaller oligopeptides was higher than in
the hydrolysate obtained at a protosubtilin/protein
ratio of 1 : 100. Thus, the depth of rapeseed protein
hydrolysis could be controlled by varying the
enzyme/protein ratio (other conditions being equal).
The results of mass spectrometric analysis of rapeseed
protein hydrolysates are shown in Fig. 3. The mass
chromatogram (Fig. 3b) shows that the molecular
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Fig. 1. SDS-PAG celectrophoresis of rapeseed (a) and soy
(b) protein hydrolysates obtained by protosubtilin treatment
at an enzyme/protein ratio of 1 : 20 (3—5) or 1 : 100 (7—9)
during 1 (3,7),4 (4, 8, and 20 h (5, 9): [—starting protein
preparation from rapeseed or soy; 2, 6—5 and 1% (of protein
weight) protosubtilin, respectively. (c)—SDS-PAG electro-
phoresis of the intact rapeseed protein extract (/), soy pro-
tein isolate (4), and the insoluble fractions of rapeseed (2, 3)
and soy (5, 6) hydrolysates formed after treatment with the
enzyme preparation at an enzyme/protein ratio of 1 : 20 (2, 5)
and 1:100 (3, 6).

APPLIED BIOCHEMISTRY AND MICROBIOLOGY

Vol. 54

>
o C

(a)

S e e R T N M N N
NONN RN PRANCCON A

10 12 14 16 18 20 22 24 26 28 30

N_A
A=
O\_
oo L

S R T T N N N
\S Xl N "o Yo Nl 6 I Yo NoRanll N0 JN Yo\

1 ’I 1 1
2 4 6 810121416 182022242628 30
- | (¢)

OS ©900000S0S00
N—=O—=NWAUNAIOOO—N

2 4 6 8101214 16 18 20 22 24 26 28 30 min

SS ©00000S0S0O0 -~
N—O—=NWAUNANIOOO—N

Fig. 2. HPLC of the soluble fractions of rapeseed protein
(a and b) and soy protein isolate (¢ and d) hydrolysates
obtained by protosubtilin treatment at an enzyme/protein
ratioof 1:20 (aandc)and 1: 100 (b and d): /—intact rape-
seed proteins, 2—rapeseed protein hydrolysate, 3—soy
protein isolate, and 4—soy protein hydrolysate.
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Fig. 3. Mass chromatogram (full ion currents) of a rapeseed protein hydrolysate obtained after 20 h of protosubtilin treatment at
an enzyme,/protein ratio of 1 : 100 (a) and results of extract HPLC on an ACQUITY UPLC Protein BEH C4 Waters 300 A column
equilibrated with 0.05% formic acid in an acetonitrile concentration gradient (10—80%) with peptide detection at 226 (b) and
280 nm (c¢). Molecular weight ranges for the hydrolysis products that corresponded to the retention times indicated are shown

above the mass chromatogram.

weights of most peptides in the hydrolysate were
within a range of 1.5—16 kDa. Similar results were
reported in a study [8] that addressed rapeseed protein
hydrolysis by Alcalase and Flavourzyme, commercial
enzyme preparations produced in foreign countries.
The serine protease subtilisin A is the major compo-
nent of the Alcalase preparation. Flavourzyme con-
tains endo- and exoproteases produced by Aspergillus
oryzae bacteria. The final hydrolysate was character-
ized by a 60% degree of hydrolysis and complete solu-
bility at pH values between 2.5 and 7.

The character of enzymatic hydrolysis was different
when a commercial soy protein isolate was treated
with protosubtilin under the conditions used for rape-
seed protein hydrolysis (pH of 7.5, room temperature,
protein concentration 3 mg/mL). The reaction mix
became rather cloudy during the hydrolysis of soy pro-
teins, and clearing of the mix did not occur afterwards,
which is probably due to the formation of insoluble
protein fragments. An electrophoregram of the soluble
part of the soy hydrolysate is shown in Fig. 1b. The
absence of high molecular weight fragments could be
indicative of considerable depth of hydrolysis or an
accumulation of large protein fragments in the insolu-
ble component of the hydrolysate (Fig. 1¢). The solu-
ble part of the hydrolysate of the soy protein isolate
was subjected to HPLC analysis (Figs. 2c and 2d). As
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evident from the chromatograms, neither large pep-
tide fragments nor the intact proteins were found in
the soluble part of the hydrolysate. The total area of
peptide peaks was significantly less than in the case of
rapeseed protein hydrolysate. Amino acid analysis
showed that the soluble part of the hydrolysate con-
tained short oligopeptides and free amino acids, which
together accounted for 13% of the starting protein
material only. The results of mass spectrometric anal-
ysis of the soluble fraction of soy protein hydrolysate
are illustrated in Fig. 4. As evident from the mass
chromatogram (Fig. 4b), molecular weights of most
peptides in the hydrolysate were within a range of
1.5—12 kDa. However, protein fragments of a high
molecular weight were also found in the hydrolysate.

The globulins glycinin and B-conglycinin present
in soybean at a ratio of 75/115 are the major soybean
proteins that account for 80% of soy protein material
together [26, 27]. Both proteins have a complex qua-
ternary structure. Glycinin consists of five subunits
and has a sedimentation coefficient of 11S, whereas
B-conglycinin (sedimentation coefficient 7S) consists
of three subunits (76, 72, and 53 kDa) [4, 28]. In addi-
tion to globulins that are insoluble in water but soluble
in neutral saline solutions, soy contains water-soluble
proteins characterized by a lower molecular weight.
This group of proteins includes the minor y-conglyci-

No.3 2018



SOY AND RAPESEED PROTEIN HYDROLYSIS

0.5-2.5kDa 1.5—8 kDa

100 -

299

(@)
1.5—12 kDa 27.532kDa

< 40
20

P e AN

|
|
|
|
|
|
|
LMAA AL,.\J/\A

"

150000
100000
50000
ok
—50000

(b)

100 -
80
60+
40
20+

0 C 1 1 1

(c)

0 10 20 30

40 50 60 70

80 min

Fig. 4. Mass chromatogram (full ion currents) of a soy protein hydrolysate obtained after 20 h of protosubtilin treatment at an
enzyme/protein ratio of 1 : 100 (a), and results of extract HPLC on an ACQUITY UPLC Protein BEH C4 Waters 300 A column
equilibrated with 0.05% formic acid in an acetonitrile concentration gradient (10—80%) with peptide detection at 226 (b) and
280 nm (c). Molecular weight ranges for the hydrolysis products that corresponded to the retention times indicated are shown

above the mass chromatogram.

nin and a relatively small number of other proteins,
including the serum proteins, which account for 9 to
15% of total soy protein weight together. Soy globulins
have a complex quaternary structure formed by large
polypeptides and undergo rapid denaturation with
polypeptide chain unfolding under certain conditions,
with gelling induced by subsequent aggregation. Pro-
tein aggregation is triggered by heating, freezing,
medium acidification, high pressure, and enzymes.
The gelling rate depends on the protein concentration
in the solution. The gelling of linear molecules, such as
polysaccharides and fibrillar proteins, is thoroughly
characterized, but globular protein gelling still remains
enigmatic because of the complex structure of these
molecules [29]. Coagulation of soy proteins upon
enzymatic hydrolysis was also observed by other
researchers [28, 30—32]. Polypeptide coagulation at a
10% degree of hydrolysis occurred when soy proteins
were hydrolyzed by subtilisin Carlsberg (CS) [33], and
aggregation was already observed at a 5% degree of
hydrolysis at a pH of ~7.5. Intensive gelling of soy pro-
tein fragments was also observed in the case of pro-
cessing with Novozyme FM 2.0 L and Alcalase 2.4 L
enzyme preparations, which contain subtilisin as the
major component [12]. Variation of ionic strength of
the medium (0.03, 0.2, and 0.5 M) had only a slight
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effect on aggregation pH. This indicated the complex
nature of aggregation and the existence of factors other
than the equilibrium between electrostatic and hydro-
phobic interactions. SDS-PAG electrophoresis showed
that all enzyme preparations destroyed -conglycinin
and glycinin. However, the major glycinin component
showed high resistance to the action of the enzyme
preparations listed above.

Analysis of a large number of studies on the enzy-
matic hydrolysis of soy proteins revealed the low
accessibility of these proteins for enzymatic hydrolysis
due to their compact tertiary and quaternary structure,
which renders many protein fragments shielded and
poorly accessible for enzymes [34—36].

CONCLUSIONS

Thus, the conditions for enzymatic hydrolysis of
rapeseed proteins by protosubtilin, a commercial
enzyme preparation developed in Russia, have been
selected. The hydrolysate obtained did not contain
antinutrients, and the hydrolysis depth was character-
ized by several methods. The content of free amino
acids and oligopeptides (MW < 10 kDa) in the hydro-
lysates was dependent on the hydrolysis conditions, as
was the content of protein fragments with a higher
molecular weight. The content of free amino acids and
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oligopeptides (MW < 14 kDa) in a rapeseed protein
obtained after 20 h of processing at a protosubti-
lin/protein ratio of 1 : 20 was 8 and 53% of the starting
protein material, respectively.

Insoluble fragment formation and coagulation of
cleavage products is among the major problems in soy
protein proteolysis. The present study revealed inten-
sive coagulation of hydrolysis products and insoluble
pellet formation upon protosubtilin treatment of a
commercial soy protein isolate and a related consider-
able decrease of the yield of soluble hydrolysis prod-
ucts. The free amino acid content in the soluble frac-
tion of soy protein hydrolysate (obtained after 20 h of
treatment at a protosubtilin/protein ratio of 1 : 20) was
2.4% of the starting soluble protein material only, oli-
gopeptides with a molecular weight lower than 14 kDa
accounted for 10.4% of the starting material, and the
total yield of soluble peptides was 12.8% only.
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