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In a previous paper, the biological activity of a 216-amino acid recombinant truncated form of the
soybean 7S globulin o/ subunit, known to control cholesterol and triglyceride homeostasis, was
described. In this work, a shorter version of the polypeptide chain, spanning 142 amino acid residues
from the N-terminus and thus exclusively including the so-called extension region, was cloned and over-
expressed in Pichia pastoris. The yield of the recombinant polypeptide, which was termed o’E, was 8-fold
greater than the previous truncated version. The o’E polypeptide was purified by simple conventional
biochemical techniques to make it available for biological assays. Human hepatoma cell lines (Hep G2)
were used to monitor the uptake and degradation of labeled low-density lipoproteins (LDL), according
to an established procedure. The LDL uptake (+86%) and degradation (+94%) by cells tested at the highest
o'E dose (2 uM) were similar to those found in cells incubated with 1 M simvastatin, a potent inhibitor
of cholesterol biosynthesis. Additionally, the cell response to o'E was found to be dose-dependent. The
present findings strongly suggest that this recombinant polypeptide, or a fragment thereof, is the molec-
ular determinant for cholesterol homeostasis and open new prospects for understanding the mechanism

involved in this biological response, as a gateway to its utilization in lipid-lowering therapies.

© 2011 Elsevier Inc. All rights reserved.

Introduction

The role of dietary soybean proteins in the control of lipidemic
levels of hypercholesterolemic subjects is widely accepted [1].
Despite intense studies in this area, the molecular determinant/s
of the observed effects has/ve not been unequivocally identified.
Nonetheless, soybean 7S globulin, the so called B-conglycinin, has
received more attention in this respect, because it was shown to
play a role in the up-regulation of liver high-affinity LDL receptors
[2]. This protein was also shown to reduce plasma triglycerides in
humans [3] and hyperlipidemic rat models [4]. From the structural
viewpoint, the native 7S globulin is a randomly assorted hetero-tri-
mer of o/, o, and B subunits [5]. In previous studies [6-8], the direct
involvement of one subunit of the soybean 7S globulin (the o’
chain) in the up-regulation of the LDL-receptor was demonstrated
by in vitro and in vivo model systems, suggesting that biologically
active peptides, capable of modulating cholesterol homeostasis,

* Corresponding author. Address: Department of AgriFood Molecular Sciences,
Via Celoria, 2, 20133 Milano, Italy. Fax: +39 02 503 16801.
E-mail address: marcello.duranti@unimi.it (M. Duranti).

1046-5928/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.pep.2011.07.008

are likely to be produced by cell enzyme processing. The mature
o/ chain (UniProtKB/Swiss-Prot database accession No. P11827)
consists of an extended N-terminal region of 141 amino acid
residues and a core region of 436 amino acids (Fig. 1). The core
region is highly homologous to the same region of the other 7S
globulin subunits, namely the o and B subunits (UniProtKB/
Swiss-Prot database accession Nos. P13916 and P25974, respec-
tively). Interestingly, the incubation of Hep G2 cells with the o or
B subunits was ineffective on the LDL-receptor activation [6]. The
extension region is present only in the o and o chains. The two
extension regions have similar but not identical amino acid
sequences, which have allowed the preparative separation of the
o/ chain and the assessment of its biological activity [8]. However,
due to the difficulties of preparing homogenous o subunit in
amounts suitable for biological assays and in order to help identi-
fication of the bioactive region, the heterologous expression of a
truncated form of this chain was undertaken [9]. In that paper,
the expression and purification of an o polypeptide consisting of
216 amino acid residues from the N-terminus and, thus, containing
the cited extension region plus a stretch of the core region (Fig. 1),
allowed us to test the biological activity of this polypeptide.
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Fig. 1. Outline of soybean 7S globulin o chain and its recombinant derivative
polypeptides, namely truncated o (to) and o extension (o’E) region. Amino acid
sequence of this latter chain is reported. The alanine residue in red has been added
to the wild-type sequence for cloning strategy.

Indeed, the LDL uptake and degradation induced by the truncated
polypeptide on Hep G2 cells was similar to that measured on the
entire o subunit. Moreover, the results obtained were comparable
to those obtained with simvastatin, a powerful cholesterol-lower-
ing drug. The relevance of that study, carried out on a recombinant
protein, was that it showed the activity was due to a soybean
protein and not to any other potentially bioactive compound, such
as isoflavones. However, the expression yield was relatively low, as
well as the recovery and purification of the polypeptide, and
further studies or applications of this recombinant polypeptide
were intrinsically difficult. For this reason and with the aim of
identifying a shorter bioactive sequence responsible for the activ-
ity, in the present work we undertook cloning, expression, purifica-
tion and biological assay of a soybean recombinant polypeptide
consisting of the sole extension region. This polypeptide will be re-
ferred to as “o extension” (o’E)! in this paper.

The results on the biological activity of this new polypeptide
open new perspectives for the development of dietary proteins
associated to relevant pharmacological properties in the area of
plasma lipid homeostasis control.

Materials and methods
Yeast, bacterial strains and chemicals

Pichia pastoris X33 (WT) strain and pPICZoB plasmid (Invitro-
gen, San Diego, CA) were used for yeast expression. The bacterial
strain utilized for genetic manipulations was Escherichia coli
XL1-Blue (Invitrogen, San Diego, CA). Restriction enzymes Pstl
and Xbal were purchased from Roche (Indianapolis, IN), Sacl from
Fermentas (Ontario, Canada), Taq DNA polymerase was purchased
from Invitrogen (San Diego, CA), zeocin was purchased from Invit-
rogen (San Diego, CA). The oligonucleotides for PCR were obtained
from Primm (Milano, Italy). Peptone, tryptone, yeast extract and
agar were purchased from Becton Dickinson and Company (Sparks,
MD).

Other chemicals were reagent grade from Sigma (St. Louis, MO).

Media and growth conditions

P. pastoris X33 strain was cultured in YPD (Yeast Peptone
Dextrose) complete medium (2% peptone, 1% yeast extract, 2%

1 Abbreviations used: PCR, polymerase chain reaction; o’E, o extension region of 7S
soybean globulin o subunit; LDL-R, low density lipoprotein receptor; LPDS, lipopro-
tein-deficient serum; MEM, minimum essential medium; FCS, fetal calf serum; LDH,
lactate dehydrogenase; MTT, methyltetrazolium salt.

glucose). The Mut” transformants were selected in plates contain-
ing YPD, agar 1.5%, 100 pg/mL zeocin. All yeast cultures were
maintained at 30 °C. For protein production, selected Zeo"™-Mut"
transformants were cultured to an optical density of 5 at 600 nm
in Buffered Yeast Peptone Sorbitol (BYPS) medium consisting of
2% peptone, 1% yeast extract, 2% sorbitol, 13.2 mM K;HPOy,,
86.8 mM KH,PO,4, pH 7.5. Then methanol was added to 1% final
concentration. All bacterial transformants were selected in plates
of low-salt LB (Luria-Bertani) medium containing zeocin (1% tryp-
tone, 0.5% yeast extract, 0.5% sodium chloride, 1.5% agar, 25 pg/mL
zeocin). All bacterial cultures were maintained at 37 °C.

Construction of o E gene expression vector

The o’E gene was amplified by PCR on the expression P. pastoris
plasmid DNA template (pPICZaB-to’) used in a previous paper [9]
and containing the sequence of interest (o’E). The forward
oligonucleotide primer (5-GAAAAGATAGATTAAAGCTGCAGTGGA
GGAAG-3') was designed to generate Pstl restriction site at the 5’
end of oE gene. This mutation resulted in the insertion of an ala-
nine residue as N-terminal amino acid. A second reverse oligonu-
cleotide primer (5-CCCTTCTTATTCTTTCTAGATCATGGTTCTCTTT
GAGACTC-3’) was designed to generate Xbal restriction site at
the 3’ end of the o’E gene. Both oligonucleotides were dissolved
in milliQ (Waters Corp., Milano, Italy) sterile water. The PCR mix-
ture consisted of 0.5 mM primers, 0.8 mM dNTPs (Eppendorf, Ham-
burg, Germany), 30 ng template (pPICZaB-ta’), 2.5U Taq DNA
Polymerase, PCR buffer (final composition: 50 mM KCl, 1.5 mM
MgCl,, 20 mM Tris-Cl, pH 8.4 and sterile water to a final volume
of 25 puL). PCR amplification was carried out on a Perkin Elmer
Geneamp PCR System 2400 thermocycler (Perkin Elmer Corp.,
Wellesley, MA) using the following conditions: start at 94 °C for
10 min; 30 cycles at 94 °C for 40s, 60 °C for 40s, 72 °C for 20s;
final extension 72 °C for 10 min and maintained at 4 °C. The PCR
425 bp product was cloned into pPICZaB vector resulting in the
pPICZaB-o'E construct and transformed in XL1-Blue E. coli cells.
Positives clones were selected on semisolid LB media containing
tetracycline and zeocin. One of these clones was sequenced by
Primm (Milano, Italy) to ensure that no mutation occurred in pPIC-
ZoB-o'E construct sequence. Twenty micrograms pPICZaB-o'E
construct was linearized by digestion with the restriction enzyme
Sacl and then purified.

Transformation of pPICZaB-o/E in P. pastoris genome

Wild-type (wt) yeast cells were transformed by electroporation
with 20 pg linearized pPICZaB-o'E construct and 30 pig linearized
pPICZaB, as the negative control (already available in our labora-
tory), on an Eppendorf (Hamburg, Germany) electroporator 2510
apparatus set at 1.5KkV. Transformants were first selected by
plating on YPD plates containing 100 pg/mL of zeocin. In order to
verify the integration of the construct into transformed P. pastoris
genome, the Dneasy Plant Mini Kit (QIAGEN, Hilden, Germany)
was used to extract genomic DNA. Genomic DNA was used as tem-
plate to verify the insertion of the construct at the alcohol oxidase
promoter (AOX1) site by PCR using 5’/A0X1 (5-GACTGGTTCCAAT
TGACAAGC-3’) and 3’'AOX1 primers (5'-GCAAATGGCATTCTGAC
ATCC-3’). The PCR mixture consisted of 0.5 mM primers, 0.25 mM
dNTPs, 100 ng of genomic template, 2.5 U Taq DNA Polymerase,
PCR buffer (final composition as above). PCR was performed using
the following conditions: start at 94 °C for 10 min; 30 cycles at
94 °C for 40 s, 60 °C for 40, 72 °C for 20 s; final extension 72 °C
for 10 min and maintained at 4 °C.
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Expression and purification of «'E

Forty Zeo® transformants and one transformant containing
pPICZaB expression vector as the negative control were grown in
50 mL of BYPS medium at 30 °C in a shaking (180 rpm) incubator
to an ODggp = 5. The inducing phase was triggered by adding meth-
anol to 1% final concentration every 24 h and prolonged for 72 h.
Aliquots of the supernatants were examined for expression of o'E
by SDS-PAGE. The clone transformant with the highest oE expres-
sion was selected for large-scale production of the recombinant
protein and grown under the same conditions as above. About
1 L culture was centrifuged at 11,300 x g and 24 °C for 15 min with
a J2-21 MJE, Beckman Instrument, Palo Alto, CA. The proteins con-
tained in the supernatant were precipitated by 50-90% ammonium
sulfate and centrifuged at 11,300 x g at 4 °C for 30 min. The pellet
was dissolved in 200 mL sterile water and acetone was added to
75% final concentration at —30 °C, to recover the recombinant
polypeptide. The solution was then centrifuged for 1 h as above.
For further purification, the pellet was dissolved in 100 mL
50 mM Tris-HCI, pH 7.5 and loaded on a DEAE-cellulose column
(6 x 10 cm, Whatman, Maidstone, UK) equilibrated with the same
buffer. The elution of retained proteins was carried out with the
same buffer containing 0.15 and 0.25 M NaCl, respectively. The
fraction eluted with 0.25 M NacCl displayed the greatest content
of o’E.

Protein concentration assay

The concentration of oE was assessed by optical absorbance at
280 nm by using the extinction coefficient of 0.633 for 1 mg/mL
concentration, as calculated on the basis of the amino acid
sequence through Prot-Param Tool at http://www.expasy.ch/
tools/protparam.html.

Electrophoretic techniques

SDS-PAGE under reducing conditions (2% B-mercaptoethanol)
was carried out on 12% polyacrylamide gels [10] by the mini-gel
kit (Protean II cell, Bio-Rad). The gels were stained with Coomassie
Blue.

Cell cultures

The established human hepatoma cell line (HepG2) was
obtained from American Type Culture Collection (Rockville, MD).
Eagle’s minimum essential medium (MEM), fetal calf serum, tryp-
sin-EDTA (1x), penicillin (10° U/L), streptomycin (100 g/L), tricine
buffer (1 mmol/L, pH 7.4) and non-essential amino acid solutions
(100x) were from GIBCO (Madison, WI). Petri dishes were from
COSTAR (Cambridge, MA). Filters were from Millipore (Bedford,
MA). The Protein Coomassie Plus Protein Assay kit was purchased
from Pierce (Rockford, IL, USA). '**lodine, carrier free, in 100 mmol/
L NaOH, was from Perkin Elmer Life Sciences (Boston, MA). Sepha-
dex G25 columns (PD10) were from Pharmacia Biotech (Uppsala,
Sweden). LDH and MTT kit were from Sigma Diagnostics (Milano,
Italy). All other chemicals were of analytical grade from Merck
(Darmstadt, Germany). Cells were grown in monolayers in
90 mm-diameter Petri dishes, and maintained at 37 °C in a humid-
ified atmosphere of 95% air, 5% CO, in MEM supplemented with
10% fetal calf serum (FCS), non-essential amino acid solution (1%,
v/v), penicillin (10°U/L), streptomycin (0.1 g/L), tricine buffer
(20 mmol/L, pH 7.4), NaHCO3; (24 mmol/L) and sodium pyruvate
(0.11 g/L). For experiments designed to evaluate the LDL receptor
modulation, cells were seeded in 35mm plastic dishes
(3-5 x 10° cells) and used just before reaching confluence. In all
cell culture experiments, the medium was changed every 2-3 days.

In order to assess cell viability, culture media from cells exposed to
the compounds under study (o/E at different concentrations,
3.5 uM purified o subunit, 2 pM o't and, 1 pM simvastatin) were
tested by methyltetrazolium salts (MTT) assay, essentially as de-
scribed in Ref. [11]. Cell enzyme leakage was determined by mea-
suring lactate dehydrogenase (LDH) activity, using a kinetic (LDH/
LD) diagnostic kit (Sigma Diagnostics). LDL (1.019 < d < 1.063 g/L)
fraction was isolated by sequential preparative ultracentrifugation
[12] from the plasma of clinically healthy normolipidemic volun-
teers. Lipoproteins were labeled according to the method of McFar-
lane as modified by Bilheimer et al. [13], and previously described
[7]. 1?5I-LDL were sterilized by filtration (Millipore filters, 0.45 um
pore size) and stored at 4 °C until use. Human lipoprotein deficient
serum (LPDS) was prepared as previously described [11].

Uptake and degradation of '?°I-LDL

Monolayers of cells were preincubated at 37 °C for 24 h in MEM
supplemented with 5 g/100 g LPDS. The LPDS amount used in the
experiment induces a weak expression of the LDL-receptor
pathway in Hep G2 cells, a prerequisite for evaluating the potential
of different compounds to up-regulate the LDL-receptor [2]. Cells
were incubated in the presence/absence of oE at different concen-
trations listed in Fig. 4 or 3.5 pmol/L o purified soybean subunit or
2 pmol/L o't or 1.0 umol/L simvastatin. A fixed concentration
(7.5 mg/L) of 12°I-LDL was then added to the medium and the incu-
bation continued for a further 5 h at 37 °C. Specific uptake (bind-
ing + internalization) and degradation of '2°I-LDL were evaluated
as previously reported [2]. Control cells were incubated in MEM
supplemented with 5g/100g LPDS in the absence of the
compounds under study.

Statistical analyses

Differences in the LDL uptake and degradation of incubated
cells with various o’E concentrations were determined by ANOVA
followed by Dunnett’s test. Values are expressed as means * SD
of three independent experiments, each performed in quadrupli-
cate; P values <0.05 were considered as statistically significant.

Results
Expression of o'E in P. pastoris

The primary structures of the whole soybean 7S globulin o
chain, with the core and extension regions, and the previously
cloned truncated o chain are schematically shown in Fig. 1. The
amino acid sequence of the oE recombinant polypeptide gener-
ated in this work, consisting in the exclusive extension region of
the original subunit, is also shown. As mentioned in the section
‘Materials and methods’, the only difference between the recombi-
nant and wild-type polypeptides consisted in the N-terminal inser-
tion of an amino acid residue which, for cloning technical reasons,
was an alanine in the recombinant chain.

The clone showing the greatest production of the recombinant
polypeptide, as judged by SDS-PAGE analysis of the culture med-
ium, was selected for large-scale production (Fig. 2). In the same
figure, the electrophoretic patterns of the culture media of the pre-
viously cloned truncated polypeptide, to’ [9] and the empty con-
struct are shown for comparison. While no major band was
visible in the empty construct, a weak band of 26 kDa was present
in the culture medium of the to. Conversely, the intensity of the
novel recombinant o’E band at about 17 kDa was much stronger
under the same expression conditions. Its apparent size fitted well
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« 26 kDa (to.”)
T «——— 17kDa (E)

Fig. 2. SDS-PAGE under reducing conditions of Pichia pastoris culture media
induced with 1% of methanol. Lane 1: X33-pPICZaB (empty construct); lane 2: X33-
pPICZaB-to'; lane 3: X33-pPICZoB-o/E.

S <— 17 kDa

Fig. 3. SDS-PAGE under reducing conditions of o E polypeptide purification. Lane 1:
acetone powder of the culture medium; lane 2: DEAE-cellulose 150 mM NacCl eluted
fraction; lane 3: DEAE-cellulose 250 mM NacCl eluted fraction.

with the mass calculated from the amino acid sequence, i.e.
17,385.9 Da.

Purification of «'E

The purification of o E was achieved by a combination of precip-
itation steps and chromatographic approaches as described under
the section ‘Materials and methods’. Samples from each step were
collected and analyzed by SDS-PAGE (Fig. 3). Lane 1 shows the
electrophoretic pattern of oE after the two precipitation steps with
ammonium sulfate and acetone, respectively. As it can be seen,
already with these simple and scalable steps, the polypeptide
reaches a very high purification level. However, for further purifi-
cation aimed at obtaining an extremely pure polypeptide for
biological assays, an ion exchange chromatography step was
carried out, as described under the section ‘Materials and meth-
ods’. The 150 mM NacCl-eluted fraction did contain some high Mr
polypeptide bands and no trace of oE, while the fraction eluted
with 250 mM NaCl consisted exclusively of the o’E polypeptide.
The purity of this sample was judged to be well suited for the cell
assays.
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Fig. 4. Effect of o'E, to' and full-length o’ soybean subunit on LDL uptake and
degradation by HepG2 cells. Confluent monolayers of HepG2 cells were preincu-
bated at 37 °C for 24 h in MEM with 5% LPDS, in the presence of o purified subunit
(o), the recombinant polypeptides o’E and to/, or simvastatin (S) at the concen-
trations indicated in the figure. L: LPDS as the control. After the addition of '2°I-LDL,
cells were incubated for an additional 4 h and then analyzed as described in the
section ‘Materials and methods’. The data are means + SD of three independent
experiments, each performed in quadruplicate. *P < 0.05 vs LPDS and **P < 0.001 vs
LPDS.

After purification, the amount of oE polypeptide recovered
from 1L culture medium was 71.1 mg. When this amount was
compared with that previously obtained with the truncated o’
form under identical conditions, ie. 8.7 mg [9], an overall yield
increase of about 8-fold could be calculated. Preliminary data on
the yield obtained with a pilot fermentator indicated even greater
yields, approaching 15-fold (not shown).

Biological activity of o'E

The treatment of HepG2 cells with o’E as well as with to’ and
the intact o soybean subunit, as positive controls, caused a signif-
icant rise in LDL receptor-mediated uptake and degradation
compared to the untreated cells (Fig. 4). At no o’E concentration
was there any evidence of cellular toxicity, as determined by the
MTT and LDH assays (data not shown).

The LDL-R modulation by oE was dose-dependent and at the
highest concentration (2 uM) the LDL uptake and degradation
was similar to that recorded in cells incubated with an almost
identical molar concentration of to subunit (+86% vs +87% uptake
and +94% vs +100% degradation, respectively) and, to the result
obtained upon incubation with 1 pM simvastatin (uptake +100%
and, degradation +78%, respectively). The data obtained in the
present work on the shortened o/ polypeptide chain confirmed
the LDL-R up-regulation observed in previous works and indicated
that the observed biological activity lies in a polypeptide of smaller
size, as compared to the full length o subunit, corresponding to the
sole extension region of this soybean subunit.

Discussion

The cholesterol and triglyceride lowering capacity of orally
administered soybean proteins is supported by both early [14,15]
and recent [16] studies, as well as by the US health claim of
1999 [17]. The new frontiers of the research activities in the field
are now understanding the mechanism of action underlying the
biological effect and the identification of the bioactive region(s)
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in the soybean 7S globulin polypeptide. The two aspects are mutu-
ally related each other.

In previous papers we first showed that the 7S globulin o chain
is capable of decreasing plasma lipid concentrations in rats fed on
cholesterol-rich diet, as well as in suitable cellular models [8,7],
respectively. Although these data supported the hypothesis that
the whole polypeptide is responsible for the observed biological
effect, arguments may be raised on o chain in vivo metabolic fate,
since peptides and amino acids are normally produced by the action
of gastric and intestinal proteolytic enzymes. However, an increas-
ing number of animal and plant (poly)peptides are being claimed to
play relevant regulatory functions, often related to anti-oxidant,
anti-proliferative and anti-inflammatory effects (for a review on
the topic see Ref. [18]). More recently, a truncated form of the o’
chain, roughly covering one third of the full-length polypeptide
from the N-terminus, was shown to be biologically active in the
same cellular model [9]. By adopting the same strategy, a shorter
recombinant chain was expressed in yeast and proved to be active
in this paper. This polypeptide chain exclusively consisted of the o/
chain extension region, where a peculiar amino acid sequence is
present (see Fig. 1). Indeed, several histidine residues potentially
capable of binding metals, in particular Zn**, and a number of pro-
line residues often in crucial positions to block the action of diges-
tive proteolytic enzymes, such as trypsin, are present in the
sequence. Whether these features are related to the biological
activity of the chain still has to be assessed.

The heterologous expression of the oE region gave much better
yield with respect to the previous version of the polypeptide (to').
No attempt to find out the molecular reason/s for that was under-
taken. However, these results obtained under laboratory condi-
tions promise even better yields when the fermentation is
conducted in a fermentator under more effective and controlled
growth conditions. Therefore o’E candidates as a potential end
product for a development strategy of a lipid-lowering drug. Still
our efforts in identifying the active minimal chain are continuing.

Recently, a LDL-R transcription stimulating peptide (FVVNATSN),
deriving from the 7S globulin 8 chain, has been identified from a soy-
bean hydrolysate prepared by a protease from Bacillus amylolique-
faciens and then by chemical synthesis [19]. In this case, an
increased LDL-R transcription (+148%) was detected in Hep G2 cells
exposed to the peptide at a concentration of 100 ptM. Other peptides
arising from the 11S globulin have been shown to exert similar
activity [15]. The detection in this work of a similar activity dis-
played by the oE region different sequence would allow us to
hypothesize that not a specific amino acid sequence, rather a phys-
ico-chemical feature is responsible for the biological effect. Further
investigations are therefore needed. These will be addressed to
identify the minimally active region(s), by means of further reduc-
ing the size of the o chain by biotechnological or chemical synthesis,
and to trace the metabolic pathway of labeled promising polypep-
tide in cell systems. In addition, in order to reveal the potential li-
pid-lowering properties of the recombinant polypeptide in vivo,
experiments will be performed in rats fed on cholesterol-rich diet
as animal models of human hypercholesterolemia.

The results of these studies are the basis for the development of
functional foods with beneficial effects on various diseases,

including hyperlipidemia and cardiovascular disease, to be used
alone or in combination with drugs in lipid-lowering therapies.
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