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Abstract

Lunasin is a naturally-occurring peptide with demonstrated chemopreventive,
antioxidant and anti-inflammatory properties. To exert these activities, orally ingested
lunasin is requested to survive proteolytic attack of digestive enzymes to reach target
tissues in active form/s. Preliminary studies suggested the protective role of protease
inhibitors, such as Bowman-Birk inhibitor and Kunitz-trypsin inhibitor against lunasin’s
digestion by both pepsin and pancreatin. This work describes in depth the behaviour of
lunasin under conditions simulating transit through the gastrointestinal tract in the
absence or presence of soybean Bowman-Birk isoinhibitor 1 (IBB1) in both active and
inactive state. By liquid chromatography coupled to tandem mass spectrometry (HPLC-
MS/MS), the remaining lunasin at the end of gastric and gastro-duodenal phases was
quantified. Protection against the action of pepsin was independent of the amount of
IBB1 present in the analyzed samples, whereas a IBB1 dose-dependent effect against
trypsin and chymotrypsin was observed. Peptides released from lunasin and inactive
IBB1 were identified by MS/MS. Remaining lunasin and IBB1 as well as their derived
peptides could be responsible for the anti-proliferative activity against colon cancer

cells observed for the digests obtained at the end of simulated gastrointestinal digestion.

Keywords
Lunasin, Bowman-Birk protease inhibitor, simulated gastrointestinal digestion, colon

cancer cells, anti-proliferative activity
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42 1. Introduction
43 Lunasin is a naturally-occurring peptide corresponding to the small subunit

44 peptide of 2S albumin.'

Its amino acid sequence
45  (SKWQHQQDSCRKQLQGVNLTPCEKHIMEKIQGRGDDDDDDDDD, National
46  Center for Biotechnology Information, NCBI, accession number AAP62458) is
47  characterized by the presence of a predicted a-helix structure, a tri-peptide RGD cell
48  adhesion motif and a continuous sequence of nine aspartic acid (D) residues at the C-
49  terminus. A recent molecular dynamics study of this peptide has suggested the
50  important role played by its a-helicity and the highly negative-charged C-terminal tail
51 in the recognition and binding to the chromatin residue, and thus, in the anti-mitotic
52 activity of lunasin in several mammalian cell lines.

53 Recent studies have revealed the potential role of lunasin against established
54 breast, colon, prostate cancer, and leukemia cell lines, through its ability to inhibit cell
55  proliferation by arresting cell cycle and inducing apoptosis.” The chemoprotective
56  effects of lunasin against skin,* breast,” and colon cancer”® have been also evaluated in

57  animal models. Moreover, lunasin has been shown to restrain oxidative status caused by

58  chemical agents in both intestinal Caco-2 and hepatic HepG2 cells, and to inhibit

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

59  inflammation in cultured RAW 264.7 macrophages. These antioxidant and anti-
60 inflammatory properties have been suggested to contribute on the anti-cancer activity of
61  lunasin.’

62 Food-derived peptides are expected to exert their health beneficial properties
63  after being orally taken. Even though these peptides can elicit hormone-like functions
64  locally in the gastrointestinal tract, they are generally required to flow into the blood to
65  exert specific activities at a systemic level. In last years, the number of studies

66  evaluating bioavailability aspects of dietary peptides, such as their resistance to
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digestive enzymes and their absorption/distribution rates has notably raised.” In
addition, the application of peptidomics tools on these analysis has markedly emerged.'
It is increasingly obvious that gastrointestinal digestion has an important influence on
the biological activity of food-derived peptides, by the release of new active fragments
from their precursors or, on the contrary, giving rise to fragments with less or null
activity.''"?

Park et al.' reported that isolated lunasin, either synthetic or soybean-purified, is
easily digested after 2 minutes incubation with simulated gastric or intestinal fluids.
However, lunasin survives, at least partially, the attack of digestive enzymes when is
present in crude protein extracts purified from soybean or other plants sources. By
Western-Blot analysis, Jeong et al.'” demonstrated that approximately 85% of the
original lunasin contained in Solanum nigrum L. crude protein extract remained intact
after 120 min digestion with simulated gastrointestinal fluids. In the case of lunasin
present in soybean crude protein extract, 60% and 80% of initial lunasin was detected
by immunoblotting after proteolysis by pepsin and pancreatin for 120 min,
respectively.'® Results from these studies suggested that the presence in sufficient
amount of naturally-occurring protease inhibitors, such as Bowman-Birk inhibitor (BBI)
or Kunitz-trypsin inhibitor, might exert a protective role against lunasin’s proteolysis by

digestive enzymes. Hernandez-Ledesma et al.'®

also observed the protective role exerted
by BBI when lunasin present in soybean-derived foods was subjected to a sequential
digestion with pepsin and pancreatin, suggesting the importance of the lunasin:BBI ratio
on this protection. However, to our knowledge, the behavior of lunasin during its transit
through gastrointestinal tract has not been previously evaluated. Thus, the present study

aims to simulate physiological conditions using an in vitro digestion model for lunasin

in the absence and/or presence of a major soybean Bowman-Birk isoinhibitor (IBB1).
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92  HPLC-MS/MS analysis was carried out to quantify remaining intact lunasin and to
93  identify the peptides released during the digestive process. The anti-proliferative effect
94  against colon cancer cells (HT-29 and Caco-2) of digests obtained at the end of the
95  digestive process was also evaluated.

96

97 2. Materials and Methods

98  2.1. Reagents

99 Peptide lunasin (>95% of purity) was synthesized by Chengdu KaiJie Biopharm
100  Co., Ltd. (Chengdu, Sichuan, P. R. China). BBI from soybean (T9777), N-a-benzoyl-
101  DL-arginine-p-nitroanilide (BAPNA), N-benzoyl-L-tyrosine ethyl ester (BTEE),
102 porcine pepsin (EC 3.4.23.1), pancreatic bovine trypsin (EC 232-650-8), pancreatic
103 bovine a-chymotrypsin (EC 232-671-2, Type I-S), pancreatic porcine lipase (EC 232-
104 619-9, Type VI-S), pancreatic porcine colipase (EC 259-490-1), phosphatidylcholine
105  (PC), sodium taurocholate, sodium glycodeoxycholate, trifluoroacetic acid (TFA), and
106  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased
107  from Sigma Chemical Co. (Madrid, Spain). Other chemicals used were of HPLC grade.

108
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109 2.2. Purification of isoinhibitor soybean IBB1

110 IBB1, was purified from commercially available soybean BBI following the
111 protocol of Arques et al."” Briefly, the sample consisted in a mixture of protease
112 inhibitors that was loaded onto a MonoS 5/50 GL cation exchange column (GE
113 Healthcare, Uppsala, Sweden), connected to an AKTA FPLC system (GE Healthcare),
114  using a linear gradient of 0-0.22 M NaCl in 25 mM sodium acetate buffer, pH 4.4, at a
115  flow rate of 1 mL/min. The elution was monitored at 280 nm and 0.5 mL fractions were

116  collected. Measurements of trypsin inhibitory activity of eluted samples were carried
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out in flat-bottom microtitre plates by using BAPNA as specific substrate, and assay
products measured at ODygsnm, as previously described.’® The unbound sample,
containing both trypsin and chymotrypsin inhibitory activity- the latter measured by
using BTEE as specific substrate-,”' was dialyzed extensively against distilled water and
freeze-dried until use. The identification of IBB1 was carried out by peptide mass
fingerprinting, as previously reported.?

To abolish the inhibitory activity of soybean IBB1, chemical inactivation via
reduction of disulphide bonds and subsequent alkylation of the cysteinyl sulthydryl
groups was carried out.” Ten milligrams of soybean IBB1 were dissolved in 50 mM
Tris-HCI (pH 8.2) and reduced with 100 uL 0.5 M dithiothreitol (DTT) for 2 min at
100°C, and alkylated with 500 uL of 0.25 M iodoacetamide for 15 min at 50°C under
dark conditions. In order to remove residual DTT and iodoacetamide, samples were

dialyzed extensively against distilled water and freeze-dried.

2.3. Measurement of protease inhibitory activities

IBB1 and its inactive form were assessed for trypsin and chymotrypsin
inhibitory activities. Trypsin inhibitory activity was measured using a modified small-
scale quantitative assay with BAPNA as specific substrate using 50 mM-Tris pH 7.5 as
enzyme assay buffer. One trypsin inhibitor unit was defined as that which gives a
reduction in absorbance at 410 nm of 0.01, relative to trypsin control reactions, in 10
min in a define assay volume of 10 mL.? Chymotrypsin inhibitory activity was
measured by using BTEE as specific substrate. One chymotrypsin inhibitor unit was
defined as that which gives a reduction in absorbance at 256 nm of 0.01, relative to
chymotrypsin control reactions, in 5 min in a defined assay volume of 10 mL, as

described previously.?' Specific trypsin and chymotrypsin inhibitory activity, expressed


http://dx.doi.org/10.1039/C5FO00454C

Page 7 of 31 Food & Function
View Article Online
DOI: 10.1039/C5FO00454C

142 as inhibitor units per mg of protein, were calculated and used to assess the chemical
143 inactivation of IBBI.

144

145  2.4. In vitro simulated gastrointestinal digestion

146 The in vitro digestibility of lunasin in the presence or absence of IBB1, either
147  active or inactive, was evaluated by using an in vitro model system mimicking in vivo
148  gastric and duodenal digestion according to Moreno et al.** with some modifications.”
149  The digestions were assessed in the following conditions: lunasin in the absence of
150  IBBI, lunasin in the presence of IBBI1 [lunasin:IBB1 ratios of 1:1 and 1:2 (w:w)] and
151  lunasin in the presence of chemically inactivated IBB1 [lunasin:IBBI1 ratio of 1:2
152 (w:w)].

153 Lunasin and IBB1 were dissolved in simulated gastric fluid (SGF, 35 mM Nacl,
154  pH 2.0) containing phospholipid vesicles at total protein concentration of 1.5 mg/mL.
155  The solution was adjusted to pH 2.0, preheated for 15 min at 37°C, and subjected to
156  gastric digestion for 60 min at 37°C by adding 182 units of porcine pepsin per mg of
157  protein. Gastric reaction was stopped by rising pH up to 7.0-7.5. For intestinal

158  digestion, the pH of the gastric digest was adjusted to 6.5-6.8 by addition of 1 M CaCl,,

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

159 0.25 M Bis-Tris, and a 0.125 M bile salts equimolar mixture of sodium
160  glycodeoxycholate and sodium taurocholate. The pancreatic bovine trypsin and o-
161  chymotrypsin, and pancreatic porcine lipase were added to the mixture at the
162  enzyme:substrate ratios of 34.5, 0.4 and 24.8 units/mg of protein, respectively.
163  Pancreatic porcine colipase was added at an enzyme:substrate ratio of 1:895 (w:w).
164  Duodenal digestion was carried out for 60 min at 37°C and stopped by rising

165  temperature to 95°C for 10 min. Aliquots were taken before digestion and at the end of
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both gastric and duodenal phase. The simulated gastrointestinal digestion was carried

out in duplicate for each lunasin:IBB1 ratio.

2.5. Analysis of digests by RP-HPLC-MS/MS

Synthetic lunasin (at concentrations ranged from 0.125 to 1.50 mg/mL) and
samples collected during simulated gastrointestinal digestion were subjected to liquid
chromatography coupled to tandem mass spectrometry (HPLC-MS/MS). Samples were
analyzed on an Agilent 1100 HPLC System (Agilent Technologies, Waldbron,
Germany) connected on-line to an Esquire 3000 ion trap (Bruker Daltonik, Bremen,
Germany) and equipped with an electrospray ionization (ESI) source. The analyses were
carried out using a Mediterranea Sea;s column (150 x 2.1 mm, Teknokroma, Barcelona,
Spain). The injection volume was 50 pL and the flow rate was set at 0.2 mL/min.
Peptides were eluted with a linear gradient (0-70%) of solvent B [acetonitrile:TFA,
1000:0.27 (v:v)] in A [water:TFA, 1000:0.37 (v:v)] in 75 min. Spectra were recorded
over the mass/charge (m/z) range 200-3000. Each sample was analyzed in duplicate.
Data obtained were processed and transformed to spectra representing mass values
using the Data Analysis program (version 4.0, Bruker Daltonik). BioTools (version 3.1,
Bruker Daltonik) was used to process the MS/MS spectra and to perform peptide

sequencing.

2.6. Cell viability assay

Two human colorectal adenocarcinoma cell lines (Caco-2 and HT-29) were
obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA).
HT-29 and Caco-2 cells were grown in McCoy’s medium (Lonza Group Ltd., Basel,

Switzerland) and Dulbecco’s Modified Eagle Medium (DMEM, Sigma Chemical),
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191  respectively, supplemented with 10% (v/v) fetal bovine serum (FBS, Biowest, Nuaillé,
192 France), and 1% (v/v) penicillin/streptomycin/amphotericin B solution (Biowest). In the
193 case of Caco-2 cells, DMEM was also supplemented with 1% (v/v) non-essential amino
194  acids (Lonza Group Ltd.). Cell cultures were grown in a humidified incubator
195  containing 5% CO, and 95% air at 37°C.

196 The effect of digests on cell viability was evaluated by using the MTT assay.
197  Caco-2 and HT-29 cells were seeded in 48-well plates (VWR International, Radnor, PA,
198  USA) at a density of 7 x 10 cells/cm?, and incubated for 24 h. Cells were treated with
199  gastrointestinal digests (at total protein concentration of 0.3, 0.2 and 0.1 mg/mL) for 24
200  h, and washed with phosphate buffer saline (PBS, Lonza Group Ltd.). MTT solution
201 (0.5 mg/mL at final concentration) was added to each well, and cells were incubated for
202 2 h at 37°C. The supernatant was aspirated and insoluble formazan crystals formed were
203 solubilized in dimetilsulfoxide:ethanol (1:1, v:v), measuring the absorbance at 570 nm
204 in a FLUOstar OPTIMA plate reader (BMG Labtech, Offenburg, Germany).
205  Experiments were carried out in triplicate and the results were expressed as percentage
206  of viable cells compared to the control, and as ICs, value (protein concentration needed

207  to inhibit 50% of viable cells).
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208

209  2.7. Statistics

210 Data were evaluated using one-way ANOVA followed by Bonferroni post hoc
211 test, and expressed as the mean = SD of the different experiments carried out. GraphPad
212 Prism 5.0 software (San Diego, CA, USA) was used to perform statistical analyses.
213 Differences with a P value < 0.05 (*) were considered significant.

214

215 3. Results
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3.1. Behavior of lunasin under gastric digestion

Commercial BBI consisted in a mixture of two major BBI isoinhibitors, IBB1
and IBBD2, differing in potency and specificity against trypsin and chymotrypsin.
While IBB1 shows ability to inhibit both trypsin and chymotrypsin, IBBD2 only
inhibits trypsin.?* By cation-exchange chromatography, both forms were isolated, being
IBB1 unbound to the Mono-S column whereas IBBD2 was eluted in the NaCl gradient.
From the functional point of view, obtained IBB1 demonstrated a high potency against
both trypsin and chymotrypsin showing K; values at nanomolar level (30 + 4 and 3 + 1
nM, respectively). Its specific inhibitory activity against trypsin and chymotrypsin was
3828 £ 209 trypsin inhibitor unit/mg of protein and 2917 + 292 chymotrypsin inhibitor
unit/mg of protein, respectively. Following reduction of disulphide bonds and further
alkylation of the cysteinyl sulphydryl groups, its inhibitory activities decreased in more
than 95%. In agreement with the inhibitory assays, the MS/MS analysis of inactive
IBB1 revealed the presence of a major peak corresponding to reduced/alkylated IBB1,
and a minor peak corresponding to the active isoinhibitor that represented 2% of total
IBB1. This indicated that residual IBB1 remained active after the inactivation process
carried out in this study.

Both active and inactive IBB1 were used to prepare mixtures with lunasin at
different ratios in order to evaluate the resistance of this peptide to digestive enzymes in
the presence or absence of the BBI isoinhibitor. Mixtures were subjected to a two-stage
hydrolysis process simulating gastrointestinal digestion. Figure 1A-1D shows the UV-
chromatograms of the different digests obtained at the end of the gastric phase.
Chromatographic peaks (number or letters) corresponded to the lunasin- and IBB1-
derived peptides, respectively. Lunasin (peak 20) eluted after 43 minutes, with ions

confirming the identity of this peptide (5028.3 experimental mass, 5028.0, theoretical

10
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241  mass). Two peaks were visible for IBB1 (peak T). One of them eluted after 53 minutes
242 and corresponded to intact polypeptide (7858.6 experimental mass, 7858.8, theoretical
243 mass). The additional peak was detected at retention time of 55 min, which ions
244  suggested the presence of IBB1 lacking the C-terminal tetrapeptide *DKEN"' (7380.9,
245  theorical mass).

246 The percentage of intact lunasin after pepsin treatment was calculated by using a
247  lunasin’s standard curve (0.125-1.5 mg/mL) analyzed in the same conditions (Table 1).
248  In the absence of IBBI, only 2.6% of lunasin was resistant to the action of pepsin,
249  indicating the high susceptibility of this peptide to the gastric enzyme. However, in the
250  presence of IBB1 at lunasin:IBB1 ratios of 1:1 and 1:2, more than 34% of lunasin
251  remained intact after pepsin digestion, without observing statistical differences between
252 both ratios. No significant differences were observed when lunasin was mixed with
253  inactive IBB1 in comparison with samples containing active IBB1, remaining more than
254 28% of this peptide intact after the gastric phase. The higher size of IBBI in comparison
255  to that of lunasin could make this isoinhibitor to act as a “chaperone” encasing lunasin
256  and preserving its integrity during pepsin hydrolysis. In addition, it cannot be excluded

257  that the presence of a small percentage of active IBB1 during the inactivation process

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

258  was capable to protect lunasin from the effects of pepsin (Figure 1D).

259 The peptidic profiles of gastric digests in the presence of active IBB1 (Figures
260  1B-1C) were similar between them, but slightly different to that observed for lunasin’s
261  digest in the absence of the isoinhibitor (Figure 1A). The HPLC-MS/MS analysis
262  allowed identifying peptides released from lunasin and inactive IBB1 during the
263  simulated gastrointestinal digestive process (Figure 2A-2D, Figure 3A, and
264  Supplementary Table S1). It is remarkable that no peptides derived from active IBB1

265  were identified in this study. In the gastric digests, up to 22 peptides derived from

11
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lunasin and 19 derived from inactive IBB1 were identified, although the presence or
absence of each one of these peptides depended on the mixture digested (Figures 2 and
3). As expected, the higher number of fragments released from lunasin was detected in
the digest of sample in the absence of IBB1, with 20 of 22 total identified peptides. Five
peptides, which sequences were "RKQLQGVNLTPCEKHIME®,
"WNLTPCEKHIME®, "LTPCE®, **TPCEKHIME®, and *'PCEKHIME®™, were
identified in the digest without IBB1 but not in those digests containing the isoinhibitor
in its active state. These fragments were released from the central region of lunasin sited
between amino acid 11 and 28, indicating that this area could be predominantly
enclosed and protected from the action of pepsin when the protease isoinhibitor is
present (Figure 2A-2D).

In the gastric digest of mixtures lunasin:inactive IBB1 (ratio 1:2), 19 peptides
released from inactive IBB1 were identified (Figure 3A and Supplementary Table S1),
confirming the vulnerability of inactive IBB1 to the action of this gastric enzyme, and

the consequent release of an important number of IBB1-derived fragments.

3.2. Effects of pancreatic enzymes on lunasin

Once completed the gastric phase, mixtures were digested with a combination of
pancreatic enzymes, and resulting digests were analyzed by HPLC-MS/MS (Figure 4)
to quantify intact lunasin (Table 1). In the absence of IBB1, the residual lunasin was
almost completely degraded after the action of pancreatic proteases (Table 1 and Figure
4A). However, active IBBI1 exerted a protective role on lunasin against pancreatic
hydrolysis that could be explained by its ability to inhibit trypsin and chymotrypsin. The
enzymatic inhibitory properties of IBB1 together with its molecular structure supported

by a network of seven disulphide bridges are responsible of its resistance to duodenal

12
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291  digestion, thus the active isoinhibitor was clearly visible at the end of simulated
292  digestion at lunasin:IBB1 ratios 1:1 and 1:2 (Figure 4B and 4C, respectively). It is
293 remarkable that in contrast to the protection against the action of pepsin, inhibitory
294  effects on duodenal digestion were dose-dependent, being the resistance of lunasin more
295  evident when IBB1 was present at higher concentration (lunasin:IBB1 ratio 1:2). In this
296  case, the residual lunasin at the end of simulated gastrointestinal digestion was 5.3%
297  while the residual value for mixtures lunasin:IBB1 at ratio 1:1 was 1.8%. The latter
298  value was similar to that determined when mixtures lunasin:inactive IBB1 were
299  subjected to intestinal digestion (1.5% of residual lunasin, Table 1). As it has been
300 previously indicated, inactive IBB1 did not show trypsin and chymotrypsin inhibitory
301  activities. However, lunasin was slightly protected from the action of these pancreatic
302  enzymes when inactive IBB1 was present in the mixture. The small percentage of IBB1
303  remaining active during the inactivation process could be responsible for this slight
304  protection, although it cannot be excluded that the presence of the isoinhibitor (in both
305 active and inactive state) could be enough to encase lunasin and protect it from the
306  proteolytic action of trypsin and chymotrypsin. In addition, some of IBB1 derived

307  peptides might contribute on the protective action against lunasin’s digestion.

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

308 Of 20 lunasin-derived peptides identified in the gastric digest of IBB1 free-
309 sample, only three, corresponding to **KHIME®, 2*EKIQGR*’, and
310 *KIQGRGDDDDDDDDD®, appeared at the end of whole digestive process,
311  suggesting their resistance to the action of trypsin and chymotrypsin (Figure 2E). The
312 rest of peptides were not detected in the duodenal digest, indicating that without the
313 protective role of IBBI, pancreatic enzymes acted on those sequences released during
314  gastric phase resulting in the liberation of shorter peptides and/or free amino acids. Up

315  to 15 new peptides released from lunasin were identified in the hydrolyzate obtained at

13
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the end of simulated gastrointestinal digestion when IBB1 was not present (Figure 2E-
2H and Supplementary Table S1). The release of eight of these peptides, corresponding
to fragments ‘QHQQDSCR"', "QGVNLTPCEK*', "“GVNLTPCEK**, ""VNLTPCEK?*,
PLTPCEK*, “HIME®, ’KIQGR*, and **GDDDDDDDDD®, could be explained by
the action of trypsin on susceptible peptide bonds. The rest of them could be released by
the combined action of trypsin and chymotrypsin used during simulated intestinal
phase. None of peptides identified in the IBBI-free digest was identified in digests
containing active IBB1, suggesting the ability of this isoinhibitor to protect both lunasin
and derived peptides against the action of trypsin and chymotrypsin. It was also
interesting the absence of those new peptides when the digestion was carried out on a
mixture containing inactive IBB1. These results confirm that the presence of IBB1 in
both active and inactive forms was enough to protect lunasin and derived fragments
against digestion by duodenal enzymes.

Only four of nineteen peptides released from inactive IBB1 by the action of
pepsin were degraded by trypsin and chymotrypsin, being not detected at the end of
simulated gastrointestinal digestion. The sequences of these peptides were
2CSDMRLNSCHSA?, BLSYPAQC?, **CYEPCKPSEDDKEN"", and
S'PCKPSEDDKEN"'. The rest of peptides were identified at the end of digestion,
indicating their resistance to the action of pancreatic enzymes (Figure 3). Among them,
it was remarkable the presence of the trypsin inhibitory domain of IBB1 localized
between amino acids "*T and *’K that could protect lunasin and its derived fragments

for further digestion by trypsin.*

3.3. Anti-proliferative action of gastrointestinal digests against colon cancer cells
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340 Digests at the end of the simulated digestive process were assayed for their
341  effect against cell viability of two colon adenocarcinoma cell lines, HT-29 and Caco2,
342  using the MTT protocol. In order to evaluate the dose-response, the digests were proved
343 at the initial protein concentration (0.3 mg/mL) and once diluted in growth media 1.5
344  and 3-times. Digestion media in the absence of lunasin and IBB1 was assayed to
345  evaluate if any substances used to simulate digestion were capable to decrease cell
346  viability (Figure 5). An anti-proliferative effect was observed when the non-diluted
347  digest was added to HT-29 and Caco?2 cells, with values of viable cells of 70.5 + 8.0%
348 and 86.6 = 4.0%, respectively. The anti-proliferative effect was significantly higher
349  when digests from lunasin:IBB1 mixtures were assayed. As shown in Figure 5A, all the
350 tested gastro-duodenal digests affected HT-29 cell viability in a dose-dependent
351  manner. Digest obtained in the absence of IBB1 provoked a decrease of viable cells of
352 52.4% at the highest protein concentration assayed. The I1Csy value calculated for this
353 digest was 0.29 mg/mL. Since the amount of lunasin detected in this hydrolyzate was
354  very low (2.6%), the anti-proliferative activity seems to be mainly due to the peptides
355 released during lunasin digestion. However, these peptides did not exert any effect

356  against Caco?2 cells (Figure 5B), indicating that their activity might be dependent on the

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

357  cell line studied. Higher anti-proliferative effects in both colon cancer cell lines were
358  observed when hydrolyzates obtained from mixtures containing lunasin and IBB1 were
359 assayed, indicating that both intact polypeptides lunasin and IBB1 and the peptides
360 released from them could cooperate to decrease viability of colon cancer cells. The
361  calculated ICsy values for these hydrolyzates were lower (0.16-0.23 mg/mL) when HT-
362 29 cells were treated with digests, suggesting the higher vulnerability of this cell line to
363  the action of lunasin, IBB1 and their derived-peptides.

364
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4. Discussion

Our findings indicate that, in the absence of IBB1, during the simulated gastric
phase, pepsin acts on lunasin hydrolyzing more than 97% of initial peptide and
releasing a great number of peptides. Previous studies have reported the ability of
pepsin to degrade lunasin, although the levels of residual peptide measured after
incubation with this gastric enzyme were different in each study. Two immunological
studies revealed the complete disappearance of both synthetic and soybean-isolated
lunasin after 2-minutes incubation with simulated gastric fluid containing pepsin in the
absence of BBL'*'” However, in BBI-free soymilk, a significant resistance (up to 60%)
of lunasin to pepsin treatment was reported.'® The discrepancies among studies could be
due to multiple factors, such as the occurrence of other protease inhibitors, such as
Kunitz-trypsin and the isoinhibitor IBBD2, differences in lunasin:BBI ratio present in
products subjected to simulated pepsin digestion as well as methodology used to
evaluate the percentage of residual lunasin after pepsin proteolysis. To quantify lunasin,
the MS analysis used shows some advantages in comparison to Western-Blot and
ELISA methods. By one hand, this analysis allowed to quantifying lunasin that
remained intact after gastric and gastro-duodenal digestion.**" In addition, the
application of MS to assess digests allowed, for first time, to identify peptides released
from lunasin by the action of digestive enzymes.

The qualitative and quantitative data obtained confirm the protective role of
IBBI1 against lunasin hydrolysis by both gastric and pancreatic enzymes. In the presence
of active IBB1 at both lunasin:IBB1 ratios, lunasin is partially resistant to the action of
pepsin, being more than 35% of original peptide observed in the gastric digest. Lunasin
protection is not likely associated to pepsin inhibition by IBB1 given its null or

extremely low inhibitory activity against this gastric enzyme.®* The absence of
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390 peptides released from IBB1 during the gastric phase indicated the extraordinary
391  resistance of this isoinhibitor to pepsin. It is well known the role played by the
392  disulphide bridge network in maintaining its correct folding and functional structure,
393  being responsible its extraordinary resistance to digestive proteases and thermal
394 treatment.””**! Conformational changes resulting from reduction of disulphide bridges
395  and alkylation of the cysteinyl sulthydryl groups almost completely abolish both trypsin
396  and chymotrypsin inhibitory activities of BBI, decreasing its resistance to enzyme and
397 to high temperature.’> Our study confirms that after inactivation of IBBI by
398  reduction/alkylation, no inactive IBB1 was visible after gastric digestion, although the
399  minimum quantity of IBB1 remaining active during the inactivation process was enough
400 to partly protect lunasin from pepsin action. IBBI1-derived peptides released by the
401  action of pepsin might also contribute protecting lunasin against this gastric enzyme.

402 In the case of the simulated duodenal phase, the trypsin and chymotrypsin
403  inhibitory activity of IBB1 was responsible for the protective role on lunasin from
404  digestion by these enzymes. The absence of IBBI1 in digested mixtures provoked the
405 almost complete disappearance of lunasin, as it had been previously reported by

406  Hernandez-Ledesma et al.'"® when BBI-free soymilk samples were digested with

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

407  pancreatin during 60 min. However, the presence of BBI has been suggested to exert a
408  protective role from lunasin’s digestion.> These authors, by using immunological
409  assays, reported that 3% of lunasin present in lunasin-enriched soybean was detected at
410 the end of a simulated pepsin-pancreatin digestion. In our study, when lunasin:IBB1
411  mixtures at 1:2 ratio were digested, more than 5% of lunasin remained intact. The
412 consumption of 25 g of soybean protein per day of a diet low in saturated fat and
413 cholesterol, recommended by the US Food and Drug Administration to reduce the risk

414  of heart disease, leads to a total intake of 0.94 g of lunasin.*® Of this oral intake, 5% will
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survive gastrointestinal digestion resulting in 47 mg of biologically active lunasin, with
ability to act at both local and systemic levels.

Intact soybean lunasin and IBB1 have demonstrated to exert anti-proliferative
effects against colon cancer using different cell culture models. Dia and de Mejia***’
reported the cytotoxic activity of soybean lunasin in colon cancer HT-29, KM12L4,
RKO, and HCT-116 cells. Treatment of human colorectal adenocarcinoma HT-29 cells
with IBB1 has been described to reduce the cell proliferation in a concentration and
time-dependent manner, with an ICs value of 39.9 pM.** However, to our knowledge,
no information on the potential anti-proliferative effects of digests obtained from these
two bioactive peptides during their transit through the gastrointestinal tract was
available. In our study, a notable colon cancer HT-29 and Caco2 cells proliferation
inhibitory effect was provoked after cells incubation for 24 hours with hydrolyzates
obtained at the end of simulated gastrointestinal digestion. Remaining lunasin and IBB1
as well as shorter peptides released after the action of pepsin and duodenal enzymes
could be responsible for the observed effects. To date, only one fragment corresponding
to lunasin f(23-43), which sequence is “EKHIMEKIQGRGDDDDDDDDD®, has
demonstrated higher anti-proliferative activity in human breast cancer MDA-MB-231
cells than complete lunasin.*®

A petition has been filed with the Food and Drug Administration for a health
claim that soy protein consumption as part of a low fat diet may reduce the risk of
certain cancers, including colon cancer.”” Among polypeptides contained in soy protein,
lunasin and naturally occurring protease inhibitors such as BBI and Kunitz-trypsin
inhibitor, have become the most extensively studied for their colon cancer preventive
properties.’® Recently, a protein-enriched soybean meal hydrolyzate showing high

resistance to simulated gastrointestinal digestion was fractionated and evaluated for its
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440  effects on cell proliferation of colon cancer HCT-116 and Caco2 cells.” The highest
441  potency was demonstrated for both low molecular weight peptide fraction (<5 kDa) and
442  fraction containing polypeptides (10-50 kDa), although the sequences of responsible
443  peptides were not elucidated. In our study, at the end of simulated gastrointestinal
444  digestive process, 29 lunasin- and 24 IBB1-derived fragments have been identified,
445  although the presence of each one depended on the mixture digested. Since the final
446  digests have been found to exert potent anti-proliferative properties against colon cancer
447  HT-29 and Caco2 cells, peptides liberated from lunasin and IBB1 might be the main
448  responsible for the observed effects. So far, this is the first study reporting that peptides
449  directly released from lunasin and IBB1 during their transit through the gastrointestinal
450  tract possess anticancer activities. Further studies are currently ongoing to synthesize
451  these peptides and confirm their potential anti-proliferative effects.

452
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535  Figure legends

536  Figure 1. UV-chromatograms obtained after the gastric phase of the digestive process
537  simulating the gastrointestinal digestion of lunasin:IBB1 mixtures at ratios of (A) 1:0
538  (w:w), (B) 1:1 (w:w), (C) 1:2 (w:w), and (D) 1:2 (w:w) with IBBI inactive.
539  Chromatographic peaks (number or letters) corresponding to the lunasin- and IBB1-
540  derived peptides, respectively, were identified by mass spectrometry in tandem, and
541  shown in Supplementary Table S1.

542

543  Figure 2. Lunasin-derived peptides identified in the digests obtained after the (A-D)
544  gastric and (E-H) intestinal phase of the simulated gastrointestinal digestion from
545  lunasin:IBB1 mixtures at ratios of (A and E) 1:0 (w:w), (B and F) 1:1 (w:w), (C and G)
546  1:2 (w:w), and (D and H) 1:2 (w:w) with IBB1 inactive. Susceptible peptide bonds in
547  absence of IBBI1 but resistant in the presence of this isoinhibitor are indicated with an
548  arrow.

549

550  Figure 3. IBB1-derived peptides identified in the digests obtained after the (A) gastric

551 and (B) intestinal phase of the simulated gastrointestinal digestion from lunasin:IBB1

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

552 inactive mixture (1:2, w:w).

553

554  Figure 4. UV-chromatograms obtained at the end of simulated gastrointestinal digestion
555  of lunasin:IBB1 mixtures at ratios of (A) 1:0 (w:w), (B) 1:1 (w:w), (C) 1:2 (w:w), and
556 (D) 1:2 (w:w) with IBBIl inactive. Chromatographic peaks (number or letters)
557  corresponding to the lunasin- and IBB1-derived peptides, respectively, were identified
558 by mass spectrometry in tandem, and shown in Supplementary Table S1.

559
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Figure 5. Effect on proliferation of human colon adenocarcinoma (A) HT-29 and (B)
Caco-2 cells shown by the digests obtained at the end of simulated gastrointestinal
digestion from digestion medium without lunasin and IBB1, and lunasin:IBB1 mixtures
at different ratios and protein concentration (M 0.1 mg/mL, (B 0.2 mg/mL, and @) 0.3
mg/mL. Cell viability was evaluated by the MTT assay. Experiments were carried out in
triplicate, and the results were expressed as percentage of viable cells compared to
control non-treated cells, considered as 100%. Different letters denote statistically
significant differences (p < 0.05) between digests at the same protein concentration and

the corresponding dilution of digestion medium without peptides.
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Table 1. Intact lunasin (expressed as % of initial intact lunasin) measured in the digests
obtained after the gastric and the intestinal phases of the digestion process simulating
gastrointestinal conditions from the lunasin:IBB1 mixtures at different ratios. Digestion

was carried out in duplicate and two HPLC-MS/MS analysis were run for each digest.

Intact lunasin (%)
Lunasin:IBB1 ratio (w:w) Gastric digest Gastric + Intestinal
digest
1:0 2.6 +0.4° 0.1+0.1°
1:1 343+3.7° 1.8+0.4°
1:2 35.1+2.8° 53+0.4°
1:2 (inactive IBB1) 28.4+3.6° 1.5+0.2

¢ Different superscript letters within the same column denote statistically significant
differences (p < 0.05)

25


http://dx.doi.org/10.1039/C5FO00454C

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencic

Intensity (mAU)

2000

1000

2000

1000

3000

2000

1000

2000

1000

Food & Function

(A)
20 = Lunasin
1-5,7
} ~
T=1BB1
(B) —
20 = Lunasin
1-57 6
LA
T=1BB1
20= Lunasin
©)
(D) 20= Lunasin
215
20 25 30 35 40 45 50 55 60

Time (min)

Page 26 of 31


http://dx.doi.org/10.1039/C5FO00454C

Cic

Fage 27 of 31 Food & Function

1:0 (w:w)

1.1 (w:w)

Lunasin:IBB1 *

1:2 (w:w)

1:2 inactive IBB1 (w:w)

Published on 01 June 2015. Downloaded by Instituto de Investigacion en

ity
81
g

AN
HPLC-MS/MS:
5: Bile Quantification of % residual intact lunasin
SE (pH=6-2: = Characterization of digests’ profiles
NAL PHA e
INTEST|_xture. Lipase: CO"gg i
salt mixture: =1 . =
. Chymotryp
Trypsin.

HT-29
Caco-2

Anti-proliferative activity /

Lo O



http://dx.doi.org/10.1039/C5FO00454C

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencias de la Alimentacion (CIAL) on 01/06/2015 14:00:27.

40

N S e

LAY

40 1 l

30

v b

SKWQHQQDSCRKQLQGVNLTPCEKHIMEKIQGRGDDDDDDD DD

10

SKWQHQQDSCRKQLOQOQGVNLTPCEKHIMEKIQGRGDDDDDDDDD

(E) S KW

KIQGRGDDDDDDDDD
GDDDDDDDDD

MEKIQGRGDDDD
EKIQGRGDDD

QGVNLTPCEK
GVNLTPCEK
VNLTPCEHK

L TPCEHK

QHQQDSC
QHQQDSCR

VNLTPCEKH

RKQLQGVNLTPCETKH

SKWQHQQDSCRKQLQGVN
RKQLQGVN
RKQLQGVNL

S KWQHQQD
SKWQHQQDSC

@A)

[Cle)
oo
MM
m m

a

4
o}
<o

¥

EKI1QGHR

LTPCE

3
v}

o
v}

-4
o

[eegied

M
w

a

e
o
<o

X

M

1 QGRGDDD

K

M

K1 QGRGDDDD
K1 QGRGDDDDD

K I QGRGDDDDDDD

K

IQGRGDDDDDDD DD

E
E

M

I

LTPCEKH

SKWQHQQD
SKWQHQQDS C

()]

E
E

M
M

LTPCEKH

SKWQHQQD
SKWQHQQDS C

(B)

Food & Function

K H

SKWQHQQDSCRKQLQGVN

K H

SKWQHQQDSCRKQLQGVN

EKITIQGR

E K

EKIQGHR

IQGRGDDDDDDDDD

RKQLQGVNL

KI1QGRGD

RKQLQGVNL

KIQGRGDDDDDD
KIQGRGDDDDDDD

RKQLQGVNLT

KITQGRGDD

K

RKQLQGVNLT

1 QGRGDDD

KIQGRGDDDDDDDDD

K1 QGRGDDDD
K1 QGRGDDDDD

K1 QGRGDDDDDDD

K

IQGRGDDDDDDD DD

E
E

M

I

LTPCEKH

SKWQHQQD
SKWQHQQDS C

(&)

E
E

M
M

LTPCEKH

SKWQHQQD
SKWQHQQDS C

©

K H

SKWQHQQDSCRKQLQGVN

K H

SKWQHQQDSCRKQLQGVN

EKITIQGR

EKI1QGHR

I QGRGDD
KIQGRGDDD

RKQLQGVNL

KI1QGRGD

RKQLQGVNL

RKQLQGVNLT

KT QGRGDD

K

RKQLQGVNLT

KIQGRGDDDDD

IQGRGDDDDD

KITQGRGDDDDDD

K

KIQGRGDDDDDD
K1 QGRGDDDDDDD

I QGRGDDDDDDD

KIQGRGDDDDDDDDD

KITQGRGDDDDDDD DD

QGRGDDDDDDDDD

RKQLQGVN
RKQLQGVNL

(H) SKWQHQQDSC

M E

LTPCEKH

SKWQHQQDSCRKQLQGVN

SKWQHQQDS C

(D)

E

M
M

I

RKQLQGVNLTPCETKH

RKQLQGVNL

LTPCEKH

M E

I

RKQLQGVNLTPCEKH

EKIQGHR

EKITIQGR

KIQGRGDDDDDD

1 QGRGDD
KIQGRGDDD

KIQGRGDDDDDDDDD

Page 28 of 31

View Article Online

DOI: 10.1039/C5FO00454C

K1 QGRGDDDD
K1 QGRGDDDDD

K

IQGRGDDDDDD

KIQGRGDDDDDDD DD


http://dx.doi.org/10.1039/C5FO00454C

Food & Function

Page 29 of 31

View Article Online

DOI: 10.1039/C5FO00454C

z z zZ z z
= mm m w
M MMM M
a aAaA a
a [aj=lyalya] an
= mmeme mEE @
) Do nnn nown »n
=% L =N -S-% =~
M MM MM MM M MM M
9] [SRSRSRSNENT] (SRS SRNN]
-5 A A A A A A =SS =~
= mommm =) mmm =)
> teli sl >~ tal el el -
9] [SH SRS NSIN] [SHSHSINN]
= L L
a [alyal [a =] a
=l =& = = =
a [alyal [a =]
> i > >
ol vo [SR¥)
2= [ZR= o
9] [SHONS} [SHENS}
=4 oo oo
< < < < < < <
A A A =S -
> teli el >~
» %) »
= [ 2
< < < < <
o 9] 9] oo
= - - —-—
o 9] 9] oo
» 2 ) )
M 4 M MM
o 9] 9] (SR S)
< < < < < <
ol 2w ) )
= T T o= ja=fige=
ol vo 9] (SR S)
ol 2w ) )
2zl z =z z z
Al = 2 [
| = o o e
=l = == ==
a [alalyalyal aAQaA a
ol v ww nwnn »
€} SRR SN} o
] PRAA Mo M
€} [SeRe] |SRCRCRCR GO}
[=4 [eliegiog [egiefiofofiofeoNed
N B [N [ IR VN VRr- VRV VY
-5 A A L ]
z z z Z ZzZzZZzZZ
) 2% DHnnnn
] MM MMM M
= = = =
€} (SRS oo
< < < < <
€} (S} o o
[=4 oo oo
Slel e e an
€} (S} [S}Ne]
€} (S} [S}Ne]
= e A e
] MM MMM
7] B nwn
ol »w 277
Al mw W omom
a on [=Q=]=]
~|= on [a =]
~ —~
) 8

*/2:00:7T STOZ/90/T0 UO (7V[D) UOITeIusLLl|Y €] 9p Seious D Us UoIdeBiisanU | ap oinisu| A pepeojumod "STOZ Sunt TO UO paus!idnd


http://dx.doi.org/10.1039/C5FO00454C

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Ciencic

Intensity (mAU)

2000

1000

2000

1000

2000

1000

2000

1000

(A)

Food & Function

20 = Lunasin
I

3 19 18

(B)
8
7
(©)
8
3 7
LY AN U D ¢
(D)

20 = Lunasin

T=1BB1

T=1BB1

20 = Lunasin

Time (min)

Page 30 of 31


http://dx.doi.org/10.1039/C5FO00454C

100

(]
o

o
o

Viable cells (% of control)
(o]
o

N
o

Published on 01 June 2015. Downloaded by Instituto de Investigacion en Gignei

120

~
5y
N—

100

80

60

40

Viable cells (% of control)

20

Digestion medium

Food & Function

1:1 1:2 1:2 inactive

Digestion medium

Lunasin:IBB1 ratio (w:w)

1:1 1:2 1:2 inactive

Lunasin:IBBL1 ratio (w:w)


http://dx.doi.org/10.1039/C5FO00454C
https://www.researchgate.net/publication/277560817

