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The iron-chelating peptides from soybean protein hydrolysates (SPH) were investigated using
immobilized metal affinity chromatography (IMAC). The results demonstrated that SPH could absorb
on the IMAC-Fe®* column, while the capability of the binding iron was different in SPH (10—30 kDa),
SPH (3—10 kDa), and SPH (1—3 kDa). The highest binding amount on the column occurred with
SPH (10—30 kDa). With the IMAC method, the iron-chelating peptides were shown to be formed at
pH lower than 5.5, and they were not affected by NaCL with the concentration between 0.1 mol/L
and 1 mol/L, while the iron-chelating peptides could be partially disrupted by 0.02 mol/L Na,HPO, at
pH 8.0. Furthermore, the iron-chelating peptides were identified with reversed phase (RP)-HPLC,
SDS—PAGE, and MALDI-TOF MS/MS. The binding characteristics of the SPH on IMAC-Fe** and
the sequences of the iron-chelating peptides revealed that binding sites between SPH and iron
might be the carboxyl groups of Glu and Asp residues.
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INTRODUCTION

Iron is an important micromineral in the human body, and its
deficiency is responsible for many diseases (/). Various dietary
components influence iron absorption. Many animal tissues
enhance iron absorption for the special amino acids of the
peptides during proteolytic digestion, such as His, Glu, Asp,
and Cys (2—4). These amino acids can form soluble complexes
with iron and enhance iron absorption. While there have been
conflicting results in plant protein, soybean protein acts promi-
nently as an iron absorption inhibitor (5). However, it has
been reported that soybeans appeared to be a good source of
nutritional iron in women with low iron stores (6 ). Macfarlane
et al. (7) investigated the effect of a variety of traditional oriental
unfermented and fermented soy products on iron absorption
in 242 Indian women. They found that iron absorption was
significantly improved and that it may be related to the protein
composition of the products. In connection with this, Japanese
soy sauce was reported to promote iron absorption (8), and a
relatively high iron bioavailability also was observed from con-
sumption of iron fortified soy sauce, which may be due to the
presence of fermentation products (9). In summary, these studies
have indicated that soybean peptides might be related to iron
absorption.

Enzymatic hydrolysis of food protein can release peptides that
are able to chelate with metal and show different biological
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activities. For example, peptides hydrolyzed from casein have
been shown to bind and increase calcium absorption in the
intestine (/0), and they can also enhance iron uptake by Caco-
2 cells (11). Chickpea protein hydrolysates chelating with copper
possess antioxidative properties (/2). Our previous work re-
ported that soybean protein hydrolysates (SPH) could bind with
calcium forming soluble SPH-calcium complex (/3 ) and promote
calcium uptake by Caco-2 cells (14).

In this work, we describe the interaction between SPH and
iron using iron—chelated solid support. Immobilized metal affi-
nity chromatography (IMAC), proposed by Porath et al. (15)
in 1975, is a selective tool to separate metal-binding peptides
because of the accessible His, Ser, Cys, Glu, and Asp residues on
the surface of the peptides (2—4). The effect of peptide binding
with immobilized metal ions is related to pH value (/6), salt
concentration (17, 18), and elution buffer (/9). Our aim was to
find suitable conditions for selective separation of SPH using
IMAC-Fe’ ™", investigate the interaction between SPH and iron,
purify the iron-chelating peptides, and identify the structural
characteristics of the peptides.

MATERIALS AND METHODS

Materials. The study utilized defatted soybean flakes provided by
Yihai Liangyou Co. Ltd. (Qinhuangdao, China). Protease M and deami-
dase were purchased from Amano Enzyme Co. Ltd. (Nagoya, Japan).
Different molecular weight ultrafiltration membranes were products of
Zhongke Membrane Technology Co. Ltd. (Beijing, China). Sepharose 6B
was purchased from Pharmacia (Uppsala, Sweden). Iminodiacetic acid
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(IDA) was purchased from Sigma (USA). IDA-Sepharose 6B was
prepared according to the method of Porath et al. (20). All other chemicals
were of analytical reagent grade.

Sample Preparation. Soybean protein isolates (SPIs) were extracted
as described by Sorgentini et al. (27) with some modifications. SPIs were
prepared from defatted soybean flakes by extraction for 1.5 h at room
temperature with water adjusted at pH 8.0 with 2 mol/L NaOH (water/
flour = 10:1) and then centrifuged at 3,000g for 20 min. After that, the
supernatant was adjusted to pH 4.5 with 2 mol/L HC1, kept for 0.5 h at
room temperature, and then centrifuged (3,000g, 20 min). The resultant
pellet was washed with water twice to remove the soluble residues at
pH 4.5, and then water was added. This dispersion was named SPI. In
order to prepare SPH, the pH of the SPI solution was adjusted to 3.0 and
denatured for 10 min in a boiling water bath, and then protease M was
added (protein content of 20 g/L, E:S = 1:100). Enzymatic hydrolyses
were then performed on these solutions at 50 °C for 60 min. Following
digestion, the solutions were heated in a boiling water bath for 5 min to
deactivate protease M and afterward cooled to room temperature and
neutralized to pH 7.4. Subsequently, the solutions were centrifuged at
3,000g for 20 min, and deamidase was then added to the resulting
supernatants (E:S = 1:50), which were then hydrolyzed at pH 7.0 in
50 °C for 180 min. After hydrolysis, the solutions were heated in a
boiling water bath for 5 min to deactivate deamidase. Then they were
cooled to room temperature and centrifuged (3,000g, 20 min). The
resultant supernatants were collected as SPH. This solution was ultra-
filtrated with membranes of molecular weight cut offs (MWCO) of 1, 3,
10, and 30 kDa at 4 °C. Three fractions collected as SPH (1—3 kDa),
SPH (3—10 kDa), and SPH (10—30 kDa) were lyophylized.

Chromatographic Procedures. The column was packed with IDA-
Sepharose 6B (25 mL) and then incubated with 0.2 mol/L FeCl; (40 mL)
for iron charging. After the column was washed with distilled water for
8—9 bed volumes to remove the unbound iron, the nonspecific bound iron
was removed by washing the column with 0.05 mol/L acetic acid (HAC)
buffer at pH 4.0 for 5—6 bed volumes. The column was equilibrated with
different equilibrating buffers. Then, 1 mL of SPH solution (20 mg/mL)
was loaded onto the column. The wash volume was collected and
designated the nonadsorbed fraction. The bound peptides were afterward
eluted with the appropriate elution buffers. The absorbance of the eluate
was monitored at 210 nm, and the flow rate was 1 mL/min. Regeneration
of the column was achieved with 0.05 mol/L EDTA. All chromatographic
experiments were carried out at room temperature.

Equilibrating Buffers with Different pH Values. Considering
the effect of the pH values on the behavior of SPH on the affinity column,
the buffers used for the peptide adsorption experiment were as follows:
(a) 0.05 mol/L sodium acetate—acetic acid (NaAC-HAC) buffer at
pH 5.0; (b) 0.05 mol/L NaAC-HAC buffer at pH 5.5; (c) 0.05 mol/L
morpholinoethane sulfonic acid (MES), adjusted to pH 6.0 with NaOH;
(d) 0.05 mol/L MES, adjusted to pH 6.5 with NaOH. All of these buffers
contained 0.1 mol/L NaCl.

Equilibrating Buffers with Different Salt Concentrations.
Considering the effect of the salt concentration on the behavior of SPH
on the affinity column, the buffers used for the peptide absorption
experiment were as follows: 0.05 mol/L NaAC-HAC buffer at pH 5.5,
containing () without NaCl; (f) 0.1 mol/L NaCl; (g) 0.5 mol/L NaCl; and
(h) 1 mol/L NaCl.

Elution Buffers. The elution buffers used in these experiments were as
follows: (i) 0.02 mol/L Na,HPOy; (j) 0.02 mol/L NaH,POy; (k) 0.02 mol/L
NH,CL; (1) 0.02 mol/L imidazole; (m) 0.02 mol/L sodium glutamate;
(n) 0.02 mol/L malonic acid.

Identification of Iron-Chelating Peptides. The fractions collected
from the IMAC-Fe** column were applied to reversed-phase (RP)-HPLC
on a protein and peptide Zorbax SB-C18 column (9.4 x 150 mm, 5 ym)
from Agilent Technologies. The column was equilibrated using water with
0.1% trifluoroacettic acid (TFA) at a flow rate of 1 mL/min. The linear
gradient of 80% acetonitrile (ACN) (in 0.1% TFA) was applied from
0 to 100%. Elution was monitored at 214 nm. The collected fractions
were lyophylized. Then, the separated SPH was analyzed with sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE), and
the bands on the gel were cut to analyze with the matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer/mass spectrometer
(MALDI-TOF MS/MS; TraflexIII TOF/TOF, Bruker, Germany).

Lvetal.

Determination of the Concentration of Peptide. Concentration of
the peptide was determined by the method of Lowry et al. (22). Bovine
serum albumin (BSA) was used as a reference protein.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis
(SDS—PAGE). SDS—PAGE was carried out on a vertical slab gel with a
thickness of 1 mm (BIO CRAFT MODEL BE-210N, Japan) using an
alkaline discontinuous buffer (23). The ratio of acrylamide and bisacry-
lamide were 30:1. The concentrations of the stacking gel and the separating
gel were 4% and 12.5%, respectively. The protein bands were stained with
Coomassie brilliant blue G-250 in the gel and scanned using an HP scan
instrument (HP 1000, U.S.A.).

Statistical Analysis. The values are reported as the means + SD,
n = 2. ANOVA was used to determine the significance of differences of
the data. P < 0.05 was considered as significant. Statistical analysis
was performed using the OriginPro 7.5 software package (OriginLab
Corp., MA, U.S.A)).

RESULTS AND DISCUSSION

Usually, soybean protein has been reported to inhibit iron
absorption not only for phytate acid but also the protein itself
(24). However, Macfarlane et al. (7) found that iron absorption
in Indian women was improved after ingesting traditional fer-
mented soy products. Fermentation results in a modification of
the soybean protein structure (25 ), and the peptides (> 12 kDa)
were shown an inverse relationship with iron absorption (24). It
seems that the molecular weight of the peptides were associated
with iron bioavailability. In this study, SPH with different
molecular weights prepared by ultrafiltration were used to study
their iron-binding capacity. As shown in Table 1, SPH can adsorb
on the IMAC-Fe*" column, and under the same conditions,
SPH (10—30 kDa) possesses more affinity with IMAC. The
unadsorbed peptides were 41.45%, which was significantly lower
than that of SPH (3—10 kDa) and SPH (1—3 kDa) (p < 0.01).
Hence, SPH (10—30 kDa) was selected for further purification.

To identify the iron-chelating SPH and reveal the interaction
between SPH and iron, IMAC-Fe** was used to separate the
peptides, and at the same time the effect of pH value, salt
concentration, and elution reagent was also investigated.

The effect of pH on the binding capacity of SPH is shown in
Table 2. At pH 5.0 and pH 5.5, the nonadsorbed SPH was almost
the same as 41.45%. With the increase of pH, the unadsorbed
SPH increased, and the affinity of SPH on IMAC decreased. This
result is in agreement with the work of Zachariou et al. (19), who
found that protein binding to the immobilized Fe* " adsorbent
was pH dependent. Usually, Glu, Asp, Ser, and His residues of
protein can bind with iron. The iron prefers to chelate with the
oxygen-rich group, such as the oxygen of the phosphate group
and the carboxyl groups of Asp and Glu, and the nitrogen-rich
group of the imidazole group of His (1/9). As we know, the pl
of Asp and Glu is 2.77 and 3.2, respectively, and in the presence
of a pH 5.5 solution, the carboxyl groups of Asp and Glu would

Table 1. Nonadsorbed SPH with Different Molecular Weights on IMAC-Fe®*
(Means £ SD, p<0.01, n=2)?

SPH (10—30 kDa) SPH (3—10 kDa) SPH (1—3 kDa)

nonadsorbed SPH (mg) 8.285+0.001a 11.13+0.12b 1242+ 0.09b

@The different letters indicate statistically significant differences.

Table 2. Nonadsorbed SPH (10—30 kDa) on IMAC-Fe®* at Different pH
Values (Means + SD, p< 0.01, n=2)*

pH 5.0 pH 5.5 pH 6.0 pH 6.5
nonadsorbed SPH 8.290 + 8.285 + 9.805 + 10.975 +
(10—30 kDa) (mg) 0.007 a 0.001 a 0.014b 0.068 ¢

@The different letters indicate statistically significant differences.
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Table 3. Nonadsorbed SPH (10—30 kDa) on IMAC-Fe** at Different Con-
centrations of NaCl (Means + SD, p < 0.01, n=2)*

concentration of NaCl (mol/L)

0 0.05 0.1 05 1.0

nonadsorbed SPH 4980+ 7650+ 828+ 8.090+ 8.160 +
(10 —30 kDa) (mg)  0.072 a 0.013b 0.001 ¢ 0.003 ¢ 0.013¢c

@The different letters indicate statistically significant differences.

Table 4. Eluted SPH (10—30 kDa) from IMAC-Fe* with Different Elution
Buffers (Means & SD, p < 0.01, n=2, ND = Not Detected)®

elution buffer (0.02 mol/L)

Na,HPO, NaH,PO, imidazole sodium glutamate NH,CI

eluted SPH 8190+ 5975+ 2450+ 0.685 + ND
(10-30 kDa) (mg) 0.016a 0.011b  0.051¢c 0.001 d

@The different letters indicate statistically significant differences.

ionize and chelate with iron, while above pH 6.0, the hydroxide
ions would compete with carboxyl groups to bind with iron.
Hence, the binding capacity of SPH decreased with the rise of pH.
Meanwhile, the pI of His is 7.6, and it would not ionize to bind
withiron at pH 5.5. From those results, it seemed that the binding
sites might be the carboxyl groups of Glu and Asp but not the His.
SPH contains about 20% Asp and Glu (/3 ), which might provide
the carboxyl groups to bind with iron.

Salt concentration of the equilibrating buffer plays an impor-
tant role in the binding capacity of the affinity column. The effect
of ionic strength in the balance buffer on binding capacity of SPH
to the IMAC-Fe’" column was investigated with the buffers
containing different NaCl concentration from 0 to 1.0 mol/L. The
results are shown in Table 3. When the NaCl concentration
increased from 0 to 0.1 mol/L, the binding amount of the SPH
decreased. However, the amount of binding SPH did not change
when the NaCl concentration was higher than 0.1 mol/L. This
result indicated that the electrostatic interaction and specific
interaction (coordinate interaction) between SPH and iron
promoted the adsorption of SPH on the IMAC-Fe® " column.
When the ionic strength in the balance buffer increased, the
nonspecific interaction was reduced. However, the specific inter-
action could not be disrupted by NaCl. This result is consistent
with what Chen et al. (/7) and Lin et al. (/8) have reported, on
the existence of a manifold binding mechanism involving hydro-
phobic, electrostatic interaction, and specific interaction of solute
with immobilized ions.

In order to selectively separate the SPH from the column,
different elution reagents were explored. The results are shown
in Table 4. The amount of eluted SPH (10—30 kDa) from
the IMAC-Fe** column decreased as follows: Na,HPO, >
NaH,PO,4 > imidazole > sodium > glutamate > NH4Cl. The
malonic acid stripped most of the iron from the column and could
not be used to elute the SPH. The SPH recovered by Na,HPO,
was 40%, while imidazole and NH4Cl, which eluted mainly His-
chelated protein, could elute little SPH. This suggested that at the
same basic conditions, PO,>~ can reduce the interaction between
SPH and iron, which further indicated that the binding sites might
mainly be the carboxyl groups.

According to the above results, 0.05 mol/L, NaAC-HAC
buffer at pH 5.5, containing 0.1 mol/L NaCl, was selected as
the equilibrating buffer and 0.02 mol/L Na,HPOy, as the elution
buffer. The unadsorbed fraction was eluted with the equilibrating
buffer as peak 1. After that, when a gradient of 0—0.02 mol/L
Na,HPO,4 was applied, the SPH bound to the column was eluted
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Figure 1. Isolation of SPH (10—30 kDa) with an IMAC-Fe* column.
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Figure 2. RP-HPLC profile of peak 3, which was eluted from an IMAC-Fe®*

column.

in three major peaks, 2, 3, and 4 (Figure 1). During this step, when
the concentration of Na,HPO, increased to 0.02 mol/L,
the eluted peaks 3 and 4 were light yellow. At pH > 7.0,
hydroxide ions also bind with iron to form the highly insoluble
Fe(OH);, which might be the reason for the color. Fruthermore,
the formation of Fe(OH); also results in the disruption of
peptide—iron complexes.

IMAC s a suitable method to separate metal-binding peptides.
Lund et al. (26) selectively purified water-soluble phospho-
peptides from cheese using IMAC-Fe'® and got peptides
with different phosphorylated serine residues. Also, Storcksdieck
et al. (2) separated low molecular weight iron-binding peptides
from muscle tissue using IMAC. Here, the peptides in peak 3,
which were bound with IMAC-Fe**, were isolated for further
purification.

Figure 2 shows the RP-HPLC profile of the fraction collected
from peak 3. The peptides with different retention times (RTs)
were separated using a 0.1% TFA—acetonitrile system. From
those peptides, the peptides with RTs of 41 min and 45 min were
collected for SDS—PAGE analysis. Figure 3 shows the molecular
weight of the peptides in the two peaks, and they were mainly the
peptides >10 kDa (calculated according to SDS—PAGE
with marker). The bands (arrows) were cut and analyzed with
MALDI-TOF MS/MS. The sequences are shown in Table 5.
There is a high content of Glu and Asp residues, and part of the
structure lines as Asp-Glu-Asp and Glu-Glu-Glu, which might be
crucial for binding with iron. Furthermore, the occurrence of
those peptides and their sequences are reasonable considering the
enzyme treatments. The enzymes used here were protease M and
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Figure 3. SDS—PAGE patterns of the peaks with different RT from
RP-HPLC. Bands (arrows) were cut and analyzed with MALDI-TOF
MS/MS. Lane 1, peptides with RT 41 min; lane 2, peptides with RT
45 min; lane 3: marker.

the deamidase, and the type of bonds that the protease M
hydrolyzes is Gln, Ser, Met, and Cys residues. The first sequence
was cut by the enzyme hydrolyzing the bond in Met from the
2S albumin subunit (Table 5).

Recently, consumption of fermented soy sauce with fortified
iron was shown to produce a relatively high iron absorption in
humans (8 ). The changes of soybean protein structure result from
fermentation. The high molecular weight protein is hydrolyzed to
the low molecular weight peptides, and thus, the iron bound by
soybean protein might be easily released. That may be one reason
that the fermented soybean products promote iron absorption
(7—9). Interestingly, the soy sauce cannot overcome the strong
inhibition of iron absorption from soy flour, while the iron
absorption in the rice meal added with soy sauce was significantly
improved (9). The fortified iron in the soy sauce might compete
with the intact soybean protein in the soy flour, and this binding
of intact soybean protein might be too tight to make the iron
unavailable. That may also be the reason for the inverse relation-
ship between the peptides (> 12 kDa) and iron absorption in the
study of Indian women (7). In our study, the higher molecular
weight of SPH was shown to account for more binding iron.
Usually, it seems that the more iron one substance can bind, the
more it can take to the intestine for absorption. However, too
high molecular weight of soybean protein inhibits iron absorp-
tion. Thus, there must be soybean peptides with suitable molec-
ular weight, which can not only bind enough iron but also release
the iron easily. More research is needed on the effect of molecular
weight on iron absorption.

Another reason for the higher iron bioavailability caused by
fermented soybean products might be the peptides themselves. In
some studies, the protein or peptides were reported as the meat
factor, which promotes the nonheme iron absorption in humans
(2, 3, 27). The iron-binding peptides from meat hydrolysates were
separated, and the characteristics of those peptides are high
content of Glu and Asp (2). Similarly, the His content of beef
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Table 5. Amino Acid Sequence of Isolated Iron-Chelating Peptides from SPH
(10—30 kDa)

RT molecular

(min) weight  detected sequence complete sequence

41 11kDa LMNLAIRCRLGPMIG 48 EKI QAGRRGEDGS DEDHILIRTM
CDLSSDD PGRINYIRKK EGKEEEEEGH

MQKCCSEMSE LKSPICQCKA
LQKIMDNQSE QLEGKEKKQM
ERELMNLAIR CRLGPMIGCD LSSDD
155 28 albumin 1 precursor [Glycine max]

45 17kDa DNQSEQLEGKEKK 1 MTKLTILLIA LLFIAHTCCA
SKWQQHQQES CREQLKGINL
NPCEHIMEKI QAGRRGEDGS
DEDHILIRTM PGRINYIRKK
EGKEEEEEGH MQKCCSEMSE
LKSPICQCKA
LQKIMDNQSEQLEGKEKKQM
ERELMNLAIR CRLGPMIGCD LSSDD
155 2S albumin 1 precursor [Glycine max]

hydrolysates was also isolated and found to promote nonheme
iron uptake in vitro (3). Furthermore, the nonheme iron absorp-
tion in humans was reported to be enhanced by meat protein
fractions (27). From those studies, the peptides or protein with
His, Glu, and Asp residues might play a crucial role in iron
bioavailability. Thus, it seems that the amino acid composition
and the sequence of the peptides determine their effects on iron
absorption. In this study, the interactions between SPH and
iron showed the conditions for the formation of iron-chelating
peptides. According to the meat factor study, the iron-chelating
peptides with high content of Glu and Asp residues might
promote iron absorption, which could be the reason why some
of the traditional oriental fermented soy products have a promo-
tive effect on iron absorption (7—9). However, to understand
whether the iron-chelating peptides with Glu and Asp residues
can promote iron absorption, additional in vivo and in vitro
studies are needed to confirm the findings reported here.
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