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Abstract To reveal the characteristics and formation
mechanism of proteins in the secondary precipitate of soy
sauce (SPSS), proteins in the supernatant of soy sauce were
used as control, and SPSS was prepared by centrifugation
in combination with lyophilization. The proteins in SPSS
were isolated and identified by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and matrix-assisted
laser desorption ionization-time of flight/time of flight
mass spectrometry. Acidic polypeptide A, of soy glycinin
G1 (32-35 kDa) and basic polypeptide Bj of soy glycinin
G4 (23 kDa) were verified as the predominant proteins
(95.2 %) in SPSS. The amino acid composition, average
hydrophobicity (H®,,,), and the secondary structure of the
proteins in SPSS were investigated by high-performance
liquid chromatography and Fourier transform infrared
spectroscopy. Results revealed that SPSS contained not
only proteins but also free amino acids; the significantly
higher average hydrophobicity and much lower contents of
B-sheet and random coil were the main characteristics and
reasons for the formation of proteins in SPSS.
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Introduction

Soy sauce, which originated in China over 2,500 years
ago, is an indispensable seasoning in China and many
other Asian countries [1]. It is widely used to improve the
aroma and taste of food. The unique aroma and umami
taste make it more and more popular all over the world
[2]. Moreover, soy sauce has been proved to contain
various bioactive components and possess anticarcino-
genic, antioxidation, antimicrobial, antiplatelet, and
immunomodulating activities [3-5]. However, the sec-
ondary precipitate (Fig. 1) is a main quality problem
obstructed the advancement of soy sauce industry [6].
Compared with the primary precipitate (present during
soy sauce sterilization), SPSS appears during storage and
marketing, and thus, it seriously affects the appearance
quality of the final product and the buying intention of
customers. Therefore, it is of great significance to solve
the problem of SPSS.

Currently, the preliminary work has verified that the
main components of SPSS were proteins, NaCl, and car-
bohydrates; proteins were regarded as a key reason for the
precipitate formation of soy sauce and other beverage [7—
9]. Thus, elucidation of the characteristics and formation
mechanism of the proteins in SPSS was prerequisite and
vital to solve the problem of SPSS. To the best of our
knowledge, a Japanese team has purified and identified the
promoters, isomers, and homologs of L-glutamic acid 5-n-
butyl ester, of precipitate formation in soy sauce, which
could influence the precipitate formation of Japanese-type
soy sauce [10, 11]. Additionally, the amino acid and
chemical compositions of SPSS have been investigated by
a Chinese team [7]. However, the in-depth information on
the characteristics and formation mechanism of the pro-
teins in SPSS is still unclear.
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Fig. 1 The secondary precipitate of soy sauce

Therefore, the objective of this work is to prepare the
proteins in SPSS and reveal their characteristics and for-
mation mechanism by SDS-PAGE, MALDI-TOF/TOF
MS, HPLC, and FTIR analysis. This will contribute to the
systematical knowledge of SPSS and shed some light on its
solving way.

Materials and methods
Materials

Soy sauce (prepared by defatted soy meal, wheat flour, and
salt) was commercially available from a local supermarket
(Vanguard, Jiangsu, China). Details were as follows: high-
salt-diluted state fermentation; formaldehyde nitrogen
content >0.4 g/100 mL; food additives (caramel pigment,
glutamate sodium, sodium benzoate, xanthan gum); origin
of the product, Beijing. Production date: October 2012-
December 2012.

Other chemicals used in this work are of the highest
commercial grade and obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Preparation of the secondary precipitate of soy sauce

Soy sauce was centrifuged at 5,000xg for 30 min; the
secondary precipitate was carefully collected and lyophi-
lized at —40 °C; the yield of SPSS was 0.75 & 0.09 g/L
(n = 3). The resulting secondary precipitate and its
supernatant were sealed in polyethylene bottles and kept in
a refrigerator (4 °C) for proximate and amino acid com-
position analysis.

The secondary precipitate and its supernatant were
dialyzed against flowing deionized water for 24 h using
dialysis tubings with cutoff molecular weights of 5 and
1 kDa to remove salt (Spectrum Laboratories Inc.,
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California, USA). Then, 150 mL of the supernatant and
150 mL of 20 % TCA were mixed by a magnetic stirring
meter for 1 h in an ice bath. The turbid liquid was centri-
fuged at 2,070xg for 20 min. The precipitates from the
supernatant and the deionized secondary precipitate were
washed with acetone (w/v = 1:5), and then, the turbid
liquids were centrifuged at 2,070x g for 20 min to collect
the precipitates, respectively. Finally, the precipitates were
lyophilized for further SDS-PAGE, MALDI-TOF/TOF
MS, and FTIR analysis, respectively.

Proximate analysis

Water contents were determined by drying samples in an
oven at 105 °C to constant weight. Contents of reducing
sugar and total sugar were determined by AOAC method
using Fehling’s solution [12]. The total nitrogen contents of
the samples were estimated by the micro-Kjeldahl method,
in which the samples were digested with a known quantity
of concentrated sulfuric acid in the Kjeltec digestion
apparatus (2300 Analyzer Unit, Foss Tecator AB, Hoganas,
Sweden). The protein content was calculated as 6.25x
nitrogen content. Formaldehyde nitrogen was measured by
titration method [1]. NaCl content was determined by
titration method with AgNO; [12]. Ash content was
determined by incinerating samples in a muffle furnace at
550 °C for 24 h [12].

Validation of the secondary precipitate proteins

One gram of the secondary precipitate and 1,000 mL of
15.6 % NaCl solution with different pH (pH 3.0-11.5, 0.5
pH/interval) were mixed by a magnetic stirrer for 1 h,
respectively. Then, the mixtures were centrifuged at
5,000xg for 30 min, and the protein contents of the
supernatants were determined by the Lowry method using
bovine serum albumin as the standard [13].

SDS-PAGE analysis

Proteins from the SPSS and the supernatant were dissolved
in aqueous solutions containing 8 M urea, 60 mM DTT,
50 mM Tris, and 1 % SDS, and the protein contents were
adjusted to approximately 1 mg/mL, respectively. SDS-
PAGE was performed on a vertical slab gel with a thick-
ness of 1.0 mm (BIO-RAD Mini-PROTEAN® Tetra Sys-
tem, California, USA) using a discontinuous buffer. The
ratio of acrylamide and bisacrylamide was 30:1. The con-
centrations of the stacking gel and the separating gel were 4
and 14 %, respectively. The samples were heated at 95 °C
for 5 min prior to loading in the gel slots. For each sample,
15 pLL was applied to each lane. After the electrophoresis,
the gel was stained in 0.25 % Coomassie blue (R-250) in
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50 % TCA and destained in 7 % acetic acid (methanol:
acetic acid: water = 227:37:236 (v:v:v)) and then scanned
by a JEDA scan instrument (JD-801, Jiangsu, China). The
relative percentage of each band in abundance was deter-
mined by the densitometric scanning technique.

MALDI-TOF/TOF MS analysis

Each spot (a—h) in the SDS-PAGE gel (Fig. 2a—f) was cut
out and subjected to in-gel trypsin digestion [14]. The
peptide solution (1 pL) was applied to an Anchorchip™
target (Bruker-Daltonics, Bremen, Germany) with the same
volume of matrix (10 mg/mL, o-Cyano-4-hydroxycin-
namic acid in 50 % acetonitrile, 0.1 % trifluoroacetic acid)
and analyzed on an Ultraflex™ MALDI-TOF/TOF MS
(Bruker-Daltonics, Bremen, Germany). The tryptic pep-
tides were analyzed in the positive ion reflector mode, and
the spectra were calibrated using Bruker peptide calibration
standard II (Bruker-Daltonics, Bremen, Germany). At least
ten peptide fragments were analyzed in a lift mode. After
spectra were processed by FlexAnalysis software and
analyzed by BioTools software (Bruker-Daltonics, Bre-
men, Germany), an in-house Mascot server (http://www.
matrixscience.com) was used for database search in the
Green Plant or the Fungi taxonomy of NCBInr at the
National Center for Biotechnology Information. The fol-
lowing criteria were used for the database search: tryptic
digestion; monoisotopic peptide values; at least four
matching peptide masses; a maximum of one missed
cleavage per peptide; fragment mass tolerance of 0.5 Da

glycinin G1(Aia)

glycinin G4(B3)

undentified

M(kDa) 1 2 3 4

Fig. 2 The representive electrophoresis map of proteins in SPSS and
SSS. Lane M: standard markers. Lanes I, 2 and 3, 4 indicate the
electrophoresis profiles of SPSS and SSS, respectively. Alphabets a~h
represent the pots (bands) were excised for MALDI-TOF/TOF MS
identification. Bands a, b, ¢, and d (MW < 23.8 kDa) represent 11.4,
8.0, 75.8, and 4.8 % of the proteins in SPSS; bands e, f, g, and h
(MW < 23.8 kDa) represent 0, 0, 7.0, and 93.0 % of the proteins in
SSS

and peptide mass tolerance of 100 ppm, together with the
acceptance of cysteine carbamidomethylation (fixed mod-
ifications) and methionine oxidation (variable modifica-
tions). For a positive identification, a score calculated by
the Mowse scoring algorithm in MASCOT was considered
as significant (p < 0.05). The sequences encoding pre-
dicted proteins of unknown function were subjected to
BLAST search in NCBI.

Amino acid composition analysis

The amino acid composition of samples was determined
according to the method of Yang et al. [15] with a slight
modification. Amino acid composition was determined by
a high-performance liquid chromatography (Waters, Mil-
ford, Massachusetts, USA) equipped with a PICO. TAG
column. Prior to amino acid composition analysis, all of the
samples were filtered through micropore films (0.45 pm of
pore size). Free amino acid composition was determined by
injecting samples directly into chromatography system.
The total amino acid composition of samples was deter-
mined after hydrolysis at 110 °C for 24 h with 6 M
hydrochloric acid prior to the derivatization with phenyl
isothiocyanate. External standards were used for quantifi-
cation. The amino acid standards included L-alanine
(Ala), rL-arginine (Arg), L-aspartic acid (Asp), L-cystine
(Cys), L-glutamic acid (Glu), L-glycine (Gly), L-histidine
(His), L-isoleucine (Ile), L-leucine (Leu), L-lysine (Lys), L-methi-
onine (Met), L-phenylalanine (Phe), L-proline (Pro), L-serine (Ser),
L-threonine (Thr), L-tyrosine (Tyr), L-valine (Val), and ammonium
chloride.

Average hydrophobicity analysis

In this work, content of individual amino acid in proteins
was calculated as the difference value of its total content
and that in free state. The average hydrophobicities of
FAAs and proteins were analyzed according to the method
of Lozano et al. [16]. The average hydrophobicities of the
FAAs and the proteins in SPSS and SSS were calculated by
the following equation:

n
Hoy, = Y X x HO;,
i=q
where X; is the molar ratio of the amino acid and H®; is the

hydrophobicity of the amino acid.

FTIR analysis
Fourier transform infrared spectra of proteins in SPSS and

SSS were recorded on a Nexus 470 spectrometer equipped
with a deuterated triglycine sulfate (DTGS) detector and a
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single-reflection diamond attenuated total reflection (ATR)
accessory (ThermoNicolet Nexus 470, Thermo Fisher
Scientific, Waltham, Massachusetts, USA). Pellet contain-
ing 10 mg of sample and 200 mg of spectroscopy grade
KBr was prepared using a Carver laboratory press with
vacuum line attachment at 15,000 psi compression force.
For each spectrum, 256 interferograms were collected with
a resolution of 4 cm™' with 32 scans and a 2 cm ™' interval
from the 4,000 to 400 cm ™' region. Reference spectra were
recorded under identical conditions but the medium (KBr)
contained no protein. The subtraction of the reference
spectrum from the spectrum of the samples was carried out
in accordance with the criteria described below. The sig-
nal-to-noise ratio of these spectra (>>500) was high enough
to perform the manipulation of subtraction. Deconvolution
of infrared spectra was performed using the PeakFitv4.12
software (Systat Software Inc., San Jose, California, USA)
in order to obtain the quantitative information of the sec-
ondary structure components of protein [17], and band
assignment of proteins in the samples in the amide region
(1,600-1,700 cmfl) was according to Byler et al. [18]. The
areas of the assigned amide I bands in second-derivative
spectra are linearly correlated with the amount of second-
ary structure in the proteins. According to this method,
the secondary structure compositions of a-helix, B-sheet,
B-turn, and random coil in proteins of the samples are listed
in Table 3.

Statistical analysis

All determinations were conducted in triplicate, unless
specified otherwise. The results were subjected to one-way
ANOVA if necessary. Duncan’s new multiple range test
was performed to determine the significant difference
between samples within 95 % CI using SPSS 15.0 software
(SPSS Inc., Chicago, Illinois, USA).

Results and discussion
Proximate analysis

Proximate analysis was conducted to understand the pri-
mary components of SPSS and SSS. As shown in Table 1,
SPSS and SSS mainly comprised of proteins, NaCl, and
carbohydrate (except for water). Proteins accounted for
26.63 % of the total weight in SPSS, indicating that pro-
teins, the principal organic component, might be highly
correlated with the formation of SPSS. The proteins con-
tent in SPSS was close to the result (25.97 %) of Zhang
et al. [7], whereas significantly more abundant NaCl
(41.17 %) and less abundant carbohydrate (7.40 %) were
observed in this work. Different soy sauces and SPSS
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Table 1 Proximate analysis of SPSS and SSS

SPSS SSS
Water content (%, w/w) 1.08 & 0.08°  64.40 £+ 1.07*
Ash (%, wiw) 45.66 + 1.01*  16.99 + 0.46"
NaCl (%, w/w) 41.17 £ 0.41*  15.55 £ 0.25°
Protein (%, w/w) 26.63 + 0.88" 5.06 & 0.19°
Formaldehyde nitrogen (%, w/w) 1.41 + 0.05* 0.42 & 0.02°
Total sugar (%, w/w) 740 £ 025*  2.66 £ 0.11°
Reducing sugar (%, w/w) 0.87 = 0.07° 2.0l &+ 0.10°

Each value is expressed as mean =+ standard deviation

Values in the same row followed by different letters are significantly
different (P < 0.05)

preparation methods might be responsible for the differ-
ences. Furthermore, formaldehyde nitrogen (1.41 %) and
reducing sugar (0.87 %) in SPSS were also detected in this
work, indicating that amino acids and (or) reducing sugar
might be formed by their high hydrophobicities or/and the
adsorption of large proteins and polysaccharides in SPSS.

Validation of the secondary precipitate proteins

To verify the hydrophobicity of the proteins in SPSS, the
validation experiment was conducted. Results showed that
there was no proteins detected in the 15.6 % NaCl solution,
indicating that the proteins in SPSS could not dissolve in
15.6 % NaCl solutions with different pH (pH 3.0-11.5) and
were the secondary precipitate proteins of soy sauce.

SDS-PAGE analysis of proteins in SPSS and SSS

The SDS-PAGE profiles of SPSS and SSS are shown in
Fig. 2. Totally, 3 bands with molecular weights of about
35 kDa (band a), 32 kDa (band b), and 23 kDa (band c)
were observed in SPSS, and only 1 slight band (23 kDa,
band e) and a predominant blue zone (band h) with
approximately molecular weight ranging from 1 to 17 kDa
were observed in SSS. Previous works have confirmed that
the bands with molecular weights about 35 and 20 kDa in
the gel of SDS-PAGE were the acidic and basic polypep-
tides of soy glycinin, respectively [19, 20]. In addition,
relative percentages of the predominant band ¢ in SPSS and
the predominant blue zone (band h) in SSS were 75.8 and
93.0 %, respectively, as estimated by the densitometric
scanning technique (Data shown in the bottom of Fig. 2).
As expected, SPSS mainly consisted of high molecular
weight proteins, while SSS was mainly composed of low
molecular weight proteins. The latter has been confirmed in
our previous work [1]. Notably, protein with molecular
weight of about 23 kDa (relative percentage 7.0 %) was
also observed in SSS, indicating that the soluble protein
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(23 kDa) in supernatant might convert into the insoluble
protein (23 kDa) of SPSS in strong ionic solution (soy
sauce solution). Thus, it was reasonable to assume that the
degraded fractions (23 kDa) of soy glycinin might gradu-
ally give rise to the formation of SPSS and constituted the
major part of SPSS.

MALDI-TOF/TOF MS analysis of proteins in SPSS
and SSS

It has been reported that the precipitate of soy sauce was
mainly composed of proteins, which was caused by the
complicated coagulation of proteins under the promoter
action of isomers and homologs of L-glutamic acid 5-n-
butyl ester [10]. However, the origin and detailed infor-
mation of the proteins in precipitate are still unclear. To
clarify the precise origin and detailed information of the
proteins in SPSS, MALDI-TOF/TOF MS analysis was
conducted. As shown in Fig. 2, a total of 8 spots selected
from SDS-PAGE gel of SPSS (spots a—d) and SSS (spots
e-h) were subjected to MALDI-TOF/TOF MS analysis.
Results showed that 4 spots (a, b, ¢, g) were successfully
identified as acidic polypeptide A, of soy glycinin G1
(spots a, b) and basic polypeptide B3 of soy glycinin G4
(spots ¢, g), respectively, and the other 4 spots were
unsuccessfully identified. Previous works pointed out
that acidic polypeptide A;, of soy glycinin G1 and basic

Table 2 Contents of amino acids (AAs) in SPSS and SSS

polypeptide B3 of soy glycinin G4 were polypeptides with
molecular weights of about 37 kDa and 18-22 kDa, iso-
electric points of 5.4 and 9.9, respectively [19-21]. In
addition, Yuan et al. [19] and Mo et al. [22] proved that the
solubilities of acidic polypeptide A, of soy glycinin G1
and basic polypeptide B3 of soy glycinin G4 (especially the
former) were much lower than those of other acidic poly-
peptides (i.e., A, Az, Ay) or glycinin, and the phenomenon
was particularly remarkable when pH was below 5.0 (pH of
soy sauce was 4.0-4.5). The result coincided with the fact
that acidic polypeptide A;, of soy glycinin G1 and basic
polypeptide Bj of soy glycinin G4 comprised of the major
part of SPSS proteins and the latter accounted for about
75.8 % of the SPSS proteins. The much lower solubilities
of acidic polypeptide A, of soy glycinin G1 and basic
polypeptide Bj of soy glycinin G4 (relative to other acidic
polypeptides or glycinin) may be attributed to the presence
of more hydrophobic amino acids and structure [19, 23].
Thus, it was necessary to investigate the characteristics of
amino acid composition and the secondary structure of the
proteins in SPSS and SSS.

Amino acid composition analysis of SPSS and SSS
Table 2 presents the amino acid compositions of SPSS

and SSS. The contents of total amino acids and FAAs in
SPSS were 20.43 and 7.01 %, respectively, which were

AAs HP'S AAs in SPSS (g/100 g) AAs in SSS (/100 g)
(kcal/mol)
TAAs FAAs AAs of proteins TAAs FAAs AAs of proteins

Ser -0.30 1.01 &+ 0.07 0.13 + 0.02 0.88 + 0.05 0.21 + 0.02 0.18 + 0.02 0.03 + 0.00
Glu 0.00 423 +£0.26 1.22 + 0.07 3.01 £0.19 0.77 &+ 0.06 0.44 + 0.03 0.33 +£ 0.03
Asp 0.00 243 £0.12 0.80 & 0.06 1.63 &+ 0.06 0.42 £+ 0.03 0.28 + 0.02 0.14 + 0.01
Gly 0.00 1.11 &+ 0.07 0.30 &+ 0.03 0.81 &+ 0.04 0.19 &+ 0.02 0.11 + 0.01 0.08 + 0.01
Thr 0.40 0.81 &+ 0.06 0.33 =+ 0.04 0.48 + 0.02 0.15 = 0.02 0.12 + 0.02 0.03 &+ 0.00
Ala 0.50 1.15 +£ 0.07 0.44 + 0.04 0.71 £ 0.03 0.18 + 0.01 0.16 + 0.02 0.02 + 0.01
His 0.50 0.43 £ 0.03 0.11 £ 0.02 0.32 £ 0.01 0.08 &+ 0.02 0.04 + 0.01 0.04 + 0.01
Arg 0.75 1.05 £ 0.06 0.36 &+ 0.03 0.69 + 0.03 0.19 & 0.02 0.13 + 0.02 0.06 & 0.00
Cys 1.00 0.11 + 0.03 0.02 + 0.01 0.09 + 0.02 0.02 &+ 0.02 0.01 + 0.01 0.01 + 0.01
Met 1.30 0.27 + 0.04 0.09 &+ 0.02 0.18 + 0.02 0.05 + 0.01 0.04 + 0.02 0.01 + 0.01
Lys 1.50 091 + 0.05 0.27 £ 0.02 0.64 = 0.03 0.18 + 0.02 0.12 + 0.02 0.06 & 0.00
Val 1.59 1.26 £ 0.11 0.47 £ 0.04 0.79 £ 0.07 0.22 £ 0.03 0.17 £ 0.02 0.05 + 0.01
Leu 1.80 1.59 £ 0.13 0.63 £+ 0.04 0.96 £+ 0.09 0.24 £ 0.02 0.21 £ 0.02 0.03 £ 0.00
Tyr 2.30 0.62 + 0.04 0.30 &+ 0.02 0.32 £ 0.02 0.10 &= 0.02 0.09 + 0.01 0.01 £ 0.01
Phe 2.50 1.07 &+ 0.06 0.47 + 0.05 0.60 % 0.01 0.18 & 0.02 0.17 &+ 0.02 0.01 & 0.00
Pro 2.60 1.27 £ 0.10 0.67 + 0.04 0.60 % 0.06 0.27 + 0.03 0.23 + 0.03 0.04 &+ 0.00
Ile 2.95 1.11 &+ 0.08 0.40 &+ 0.03 0.71 &+ 0.05 0.17 £ 0.02 0.14 &+ 0.02 0.03 &+ 0.00
Sum 20.43 7.01 13.42 3.62 2.64 0.98

Each value is expressed as mean =+ standard deviation

TAAs, AAs, and FAAs are abbreviations of total amino acids, amino acids, and free amino acids
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significantly higher than those (3.62 and 2.64 %) in SSS.
This was in agreement with the contents of protein and
formaldehyde nitrogen in SPSS and SSS (Table 1). The
amino acid compositions of SPSS and SSS were observed
in Table 2, Glu was the amino acid with the highest content
in SPSS and SSS, followed by Asp, while Cys was present
with the lowest content in them. Similar amino acid com-
positions of SPSS, SSS, and soybean were found [24],
which might be attributed to the main protein, soybean,
used in soy sauce preparation. Furthermore, it was firstly
confirmed a quite high level of FAAs (7.01 %) in SPSS.
The result further proved the complexity of the N-con-
taining compounds in SPSS. To further elucidate the
characteristics and formation mechanism of proteins in
SPSS, it was necessary to study their average hydropho-
bicity and higher structure.

Average hydrophobicities analysis of FAAs
and proteins in SPSS and SSS

The average hydrophobicities( H®,,,) of FAAs and pro-
teins represented the formation propensity of SPSS and
were measured by the method of Lozano et al. [16]. As
shown in Fig. 3, the average hydrophobicities of FAAs and
proteins in SPSS reached 1.08 and 0.77, which were 11.34
and 39.29 % higher than those in SSS, respectively.
ANOVA showed that significant differences in the average
hydrophobicities of FAAs and proteins were found
between SPSS and SSS (p < 0.05). Zhang et al. [7] had
deduced that SPSS might be formed under the hydrophobic
interaction of the proteins in SPSS, especially under the
condition of strong ionic solution (soy sauce solution).
Report by Bigclow [25] demonstrated that high average
hydrophobicity was a key reason for precipitate formation
of protein. Furthermore, previous works showed that the
solubilities of acidic and basic polypeptides of soy glycinin
were positively correlated with their proportions of acidic
amino acids (Glu and Asp) [19, 26]. In this case, the

1.20¢ a b

SPSS [18sS

a b

0.80

0.60

Hdavg

0401

0.20

0.00

FAAs

Proteins

Fig. 3 The average hydrophobicities of FAAs and proteins in SPSS
and SSS. Values in the twin columns followed by different letters are
significantly different (p < 0.05)
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percentages of acidic amino acids (Glu and Asp) in pro-
teins of SPSS and SSS reached 34.6 and 48.0 %, respec-
tively, but the latter was 38.7 % higher than the former,
suggesting that proteins in SPSS possessed a higher
hydrophobicity, which was also in accordance with the fact
that SPSS proteins were from precipitate and SSS proteins
were from the supernatant. Thus, high average hydro-
phobicities (H®,,,) of FAAs and proteins played a key role
on the formation of SPSS.

FTIR analysis of proteins in SPSS and SSS

The secondary structure of protein is closely correlated
with its hydrophobicity, and the latter shows negative
correlation with its solubility [27]. Thus, investigation on
the secondary structure of proteins in SPSS was propitious
to elucidate their formation mechanism. In this work, the
secondary structure of proteins in SPSS and SSS was
determined by FTIR spectroscopy; the FTIR spectra
including their deconvolution in infrared amide I bands
(1,600-1,700 cmfl) and proportions of o-helix, B-sheet,

(a) 1.0
0.9
0.8
0.7
0.6
0.5

0.4 w
0.3 ; y
4,000 3,500 3,000 2500 2000 1,500 1,000 400
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(b) .
2 030
Z - 16280 16509 ™~
g 0] /16401 . 1661.9~
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T 010 16159 (6866
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S Dosl——. | _
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s £ - 1660.2
3 % (X 1¢52.8~
g - R 6119 1692.7
B 0004 —F — NSNS s 1092
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Wave number (cm-')

Fig. 4 The FTIR spectra of proteins from SPSS (1) and SSS (2). a is
the whole spectrum band from 4,000 to 400 c¢cm~ ! in FTIR; b and
¢ are the deconvolution in infrared amide I bands (1,600—1,700 cm™")
of proteins from SPSS and SSS. Bands 1,650.9/1,652.6 cm™ ! are
assigned to o-helix; bands 1,615.0/1,613.4, 1,628.0/1,627.4 cm ™! are
assigned to f-sheet; bands 1,661.9/1,660.2, 1,674.0/1,671.9, 1,686.6/
1,692.7 cm ™! are assigned to f-turn; bands 1,640.7/1,641.1 cm~ ! are
assigned to random coil [1,617, 1,718]
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Table 3 Secondary structure compositions of proteins in SPSS and SSS calculated from FTIR spectra using the PeakFitv4.12 software
Samples Secondary structure compositions (%)

a-helix B-sheet B-turn Random coil
Proteins in SPSS 17.25 £ 0.86" 2729 + 1.27° 37.76 £ 1.78" 18.01 & 0.72°
Proteins in SSS 9.40 + 0.42° 50.23 + 2.36" 16.11 4 0.82° 2423 + 1.39*

Each value is expressed as mean =+ standard deviation

Values in the same column followed by different letters are significantly different (P < 0.05)

B-turn, and random coil were shown in Fig. 4; Table 3,
respectively. Significant differences, especially the key
regions including amide I bands (1,600-1,700 cm_l) and
amide III bands (1,200-1,300 cm_l), were observed in the
FTIR spectra of proteins in SPSS and SSS. Meanwhile, the
deconvolutions in infrared amide I bands (1,600-1,700
cm ') of proteins in SPSS and SSS were used to calculate
the compositions of the proteins’ secondary structure [17,
18]. The results also proved that significant differences of
the secondary structure existed in proteins from SPSS and
SSS. Compared with proteins in SSS, the proteins in SPSS
possessed remarkably higher o-helix, B-turn and much
lower B-sheet, random coil (p < 0.05). Wang et al. [27]
proved that the solubility of soybean protein isolate (SPI)
positively correlated with the contents of B-sheet and ran-
dom coil. Liu et al. [28] and Linding et al. [29] also proved
that the increase in random coil in protein was propitious to
improve its solubility. In this work, the contents of B-sheet
and random coil in proteins of SSS were 84.06 and
34.54 % higher than those of SPSS, respectively. The fact
that proteins in SPSS were insoluble and proteins in SSS
were soluble was well in accordance with the above
reports. Previous report by Wang et al. [27] also showed
that the solubility of SPI increased with the rise of o-helix,
and no correlation was observed between the solubility of
SPI and B-turn. Thus, the result that proteins in SPSS
possessed significantly higher o-helix than that in SSS
seemed somewhat contradictory with the above report. The
much lower B-sheet and random coil in proteins of SPSS
(total 29.16 % lower) when compared with SSS might be
responsible for the above contradictory phenomenon. Since
the solubility of protein closely correlated with its sec-
ondary structure, the significant distinction of secondary
structure compositions in proteins of SPSS and SSS would
lead to their difference of solubility inevitably.

Conclusion

In this work, the proteins in SPSS were characterized and
their formation mechanism was elucidated. Firstly, we
confirmed that acidic polypeptide A;, of soy glycinin G1
(about 32-35 kDa) and basic polypeptide B; of soy

glycinin G4 (about 23 kDa) were the predominant proteins
(95.2 %) in SPSS. Secondly, we proved SPSS contained
not only proteins but also FAAs, and further revealed that
the significantly higher average hydrophobicity and much
lower contents of B-sheet and random coil were the main
characteristics and formation mechanism of proteins in
SPSS. Further work about the method to eliminate the
secondary precipitate proteins using specific enzyme(s) is
worthy to be performed.
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