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Summary

Background Peanut is a major allergenic product. Manufacturing processes used in food industries
to improve the physicochemical properties of food-based peanut (stabilization, texturization), could
cause a modification of the digestibility of peanut proteins and, consequently, their allergenicity.
Objective This study aimed at examining the influence of polysaccharides, i.e., gum arabic, low
methylated pectin (LMP) and xylan, on the in vitro hydrolysis of peanut protein isolate (PPI) and the
in vitro allergenicity of the digestion products.

Methods PPI was hydrolysed during a two-step in vitro hydrolysis by pepsin, followed by a trypsin/
chymotrypsin (T/C) mixture performed in dialysis bags with molecular weight cut-offs (MWCO) of
1000 or 8000 Da. SDS-PAGE electrophoresis and immunoblotting were assessed on the peptic and
T/C digestion products in (retentates) and out of the dialysis bags (dialysates).

Results  Hydrolysis by all of the digestive enzymes showed retention of some proteins in the dialysis
bags in the presence of gum arabic and xylan. The retentates were recognized by IgG and IgE,
particularly peptides <20kDa. The IgE binding with peptides of retentate containing xylan from the
dialysis bag with an MWCO of 1000 Da was reduced. The immunoreactivity of hydrolysis products
in dialysates was considerably reduced by polysaccharides, regardless of the dialysis bag.
Conclusion Reduction of PPI hydrolysis was probably due to non-specific interactions between
polysaccharides and peptides. In retentates, IgE-binding epitopes were reduced by digestion and the
presence of xylan. In dialysates, they were reduced by all of the polysaccharides. This work highlights

the possibility of modulating this food allergy through optimized formulation.
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Introduction

Among the food allergens, peanut (Arachis hypogeae L.) is a
major allergenic product [1-3]. Consumption of peanut
products is on the rise throughout the world, particularly in
developing countries where they replace animal protein [4-6].
In the USA, the entire production is essentially reserved for
human consumption [4-6]. Sensitivity to peanuts occurs early
in life and, once established, usually persists indefinitely [7].
Allergy to peanuts is constantly increasing, particularly in the
USA, and it has become common over the last 10 years in
Europe where it is increasing on a regular basis [1, 2]. Peanut
allergenicity is due to the presence of several allergens. Arah 1
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(vicilin, 63.5kDa), Ara h 2 (conglutin, 17kDa) and Ara h 3
(glycinin, 14kDa) are the major peanut protein allergens [8].
Some studies consider Ara h 1 and Ara h 2 as major allergens
since they are recognized by over 90% of peanut-allergic
patients [8, 9]. Other studies showed that Ara h 1 is
recognized only by 35% [10], 65% [11] or 70% [12] of the
patients in three European populations. These differences in
relative recognition were not found for Ara h 2 [13]. Minor
allergens are also present in peanuts. They are either a
fragment or an isoform of Arah 1, Arah 2 or Ara h 3 [3, 8].
These allergens are glycoproteins containing particular
binding sites [8] that are not hydrolysed by digestive enzymes
as in the case of Ara h 1 and Ara h 2 [8, 14]. Consequently,
intact proteins or peptides containing epitopes can be ab-
sorbed across the intestinal barrier, causing allergic sensitiza-
tion [8, 15, 16].

The different processing methods used in formulated foods
can modify the allergenic properties of proteins [17]. In the
case of peanut, some cooking methods produce fewer aller-
genic products in comparison with roasting. The apparent

1429



1430 J. Mouécoucou et al.

amount of IgE binding to Ara h 1, Ara h 2 and Ara h 3 was
lower in raw, fried and boiled peanuts compared with that
found in roasted peanuts [18-21]. Maleki et al. [22] showed
that the enhancement of the allergic properties of roasted pea-
nuts is caused by the chemical modifications resulting from
the Maillard reaction involving covalent linkage between
reducing sugar and the primary amine group of proteins.

Due to their functional and nutritional properties and their
pleasant flavour, peanuts are found in a number of manu-
factured foods such as milk, ice cream, beverages, candies,
bakery products, etc. [4, 5, 23, 24]. Plant polysaccharides are
generally added to these preparations. This is the case for
pectins, carrageenan used as a stabilizing agent, gum arabic
used as an emulsifying agent or as a coating agent in candies,
etc. [25, 26]. The main objective of this study was to determine
the effects of plant polysaccharides, widely used in food pro-
cessing for their emulsifying, stabilizing and texturing proper-
ties, on the in vitro digestibility of peanut protein isolate (PPI)
and on the in vitro immunogenicity (IgG binding) and the in
vitro allergenicity (IgE binding) of the hydrolysis products.
Gum arabic (acacia gum) and low methylated pectin (LMP)
are both used in the food industry. The presence of uronic
acids in their structure is responsible for their polyanionic
character [27, 28]. Xylan extracted from Palmaria palmata, a
red seaweed acceptable for human nutrition, is a low mole-
cular weight (MW) linear oligomer composed of xylose.

PPI was hydrolysed during a two-step in vitro hydrolysis by
digestive enzymes (pepsin, followed by a trypsin/chymotryp-
sin (T/C) mixture). Hydrolysis by the T/C mixture was carried
out in dialysis bags with two different molecular weight cut-
offs (MWCO). The aim of using these dialysis bags was to
assess the effects of polysaccharides on PPI digestibility in a
physiologic situation (bag with an MWCO of 1000 Da) [29],
and in a non-physiologic situation where high MW peptides
passed through the intestinal barrier as in the case of in-
creased intestinal permeability often observed in food aller-
gies (bag with an MWCO of 8000 Da). Evaluation of PPI
digestibility was performed by SDS-PAGE electrophoresis.
Immunoblotting was used in order to evaluate the influence
of the nature of polysaccharides on the in vitro 1gG/IgE bind-
ing of peptic digestion and T/C digestion products in (reten-
tates) and out of the dialysis bags (dialysates).

Materials and methods

Isolation of PPI

Crude peanut meal (Huilerie Beaujolaise, Beaujeu, France)
was defatted for 4h by petroleum ether in a Soxhlet. One
hundred grams of defatted powdered peanut were then
macerated with 800 mL of high-salt phosphate buffer (20 mm
Na,HPO,4, 2mm KH,PO,, 5.4mMm KCI, 1M NaCl, pH 7.4).
The mixture was centrifuged for 30 min at 15000g and the
supernatant was recovered. The pellet was recovered and
remixed as previously described with 800mL of high-salt
phosphate buffer. After centrifugation, supernatants were
mixed and proteins were precipitated by supplementing the
supernatant with (NH4),SO4 to 90% saturation. After
centrifugation at 15000¢ for 30 min, the pellet was dialysed
with distilled water overnight at 4 °C using a dialysis bag with

an MWCO of 3500 Da. The retentate was then freeze-dried.
Total protein determined by the Kjeldhal method was 91%
(N x 5.46) and referred to as PPIL.

Polysaccharides and enzymes

Powdered gum arabic (lot no. 97 J 716) was provided by the
Colloides Naturels International Company (CNI, Rouen,
France). It contained 89.95% polysaccharide. Xylan (lot no.
PP28-4-00) was extracted from a Rodophyceae, P. palmata
or dulse by the Laboratoire de Pathologie Cellulaire et
Moléculaire en Nutrition (Faculté de Médecine, Vandoeuvre-
les-Nancy, France). Its composition was (per g/100 g): 80.4%
pentose, 13.2% hexose. LMP (lot no. 0B800) with a 37%
degree of esterification. It was provided by Degussa
Texturant Systems (Boulogne-Billancourt, France). The
powder contained 87% polysaccharide.

Porcine pepsin (3800 U/mg protein, 1:60000, EC 3.4.23.1),
bovine trypsin (13800 U/mg, EC 3.4.21.4), porcine chymo-
trypsin (51 U/mg, EC 3.4.4.5) and thimerosal, an antibacterial
agent, were purchased from Sigma (Saint-Quentin Fallavier,
France). Pre-stained Marker, Broad Range (Bio-Rad,
Marnes la Coquette, France) was used as a standard marker.

Serum IgG and IgE

Rabbit antiserum against PPI, obtained according to a
classical protocol after incubation for 181 days, and rabbit
pre-immune serum were used (Agrobio, Villeny, France).
Serum from 11 patients with identified peanut sensitivity was
pooled and used for our experiments. The peanut-specific IgE
level determined by RAST was 93.3 kU/L as measured by the
Pharmacia CAP system (Pharmacia, Uppsala, Sweden).
Normal serum from patients without a peanut hypersensitiv-
ity reaction was used as a negative IgE control.

Preparation of the PPl/polysaccharide mixtures

Powdered PPI containing 46mg of nitrogen (250mg of
protein, N x 5.46) was taken in triplicate and dissolved in
15mL (1.7%, w/v) of sodium phosphate buffer (0.17 M, pH
7). Polysaccharides were dissolved in the same buffer and at
the same concentration (1.7%, w/v). Solutions were left
overnight at 4°C to allow complete hydration of the
macromolecules. The PPI and polysaccharide stock solutions
were blended so as to obtain solutions with 0 (PPI without
polysaccharide), or 50% (w/w) of relative polysaccharide
concentrations (as compared with the PPI concentration).
Thimerosal was added to all of the solutions at S0 mg/L.

Enzymatic hydrolysis

The samples described above were hydrolysed in the first case
by pepsin and in the second case by pepsin followed by the
T/C mixture.

Peptic hydrolysis

Samples were hydrolysed by pepsin as follows: 1 mL of pepsin
in 0.02N HCI was added to 15mL of PPI or the PPI/
polysaccharide mixtures (E/S: 1/250). For simulating in vivo
gastric digestion, the pH of the mixture was progressively
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reduced from pH 7 to pH 2, by adding HCI 0.02N with a
peristaltic pump (flow rate: 80puL/min) for 2h at 37°C.
Digestion was stopped at pH 2 by cooling samples and freeze-
drying.

Peptic and T/C hydrolysis

The peptic and T/C hydrolysis of samples was carried out at
37°C in a dialysis cell (Serna, Laval, Quebec, Canada),
according to the two-step hydrolysis method developed by
Savoie and Gauthier [30], with minor modifications of the
first step. In the first step, peptic digestion, carried out as
previously described, was stopped by raising the pH to 8 with
NaOH 2 N. Samples were then transferred to dialysis bags
with an MWCO of 1000 or 8000 Da (SpectraPor 6, Interchim,
Montlugon, France). One millilitre of a mixture of T/C (1/2.3,
w/w) 2.5mg/mL (E/S: 1/50) was then added. Digestion
products that passed through the dialysis bags were collected
over a period of 6h by the circulation (1.6mL/min) of a
sodium phosphate buffer (0.0lm pH 8). After 6h of
hydrolysis, the pooled dialysates and retentates in the dialysis
bags were collected, freeze-dried and stored until analysis.

Protein assay

The protein content of all of the samples was estimated using
the bicinchoninic acid assay (Commercial kit, Interchim).

Electrophoresis and immunoblotting

PPI after peptic hydrolysis, retentates and pooled dialysates
were characterized by SDS-PAGE, according to the method
of Laemmli and Favre [31]. One hundred or 200 pg of protein
from each sample were loaded into each well. Using 0.1% (w/
v) SDS and 5% (v/v) 2-mercaptoethanol, SDS-PAGE was
performed with 4.5% polyacrylamide concentration gel in
0.125m Tris (pH 6.8) and with 20% polyacrylamide separ-
ation gel in 0.38 M Tris (pH 8.8). Proteins were stained by
Coomassie blue (R 250 0.1%) (w/v) in 50% ethanol (v/v) and
10% acetic acid (v/v) or by silver nitrate (Bio-Rad kit). Pre-
stained Protein Marker, Broad Range, was run with each gel
to estimate the MW of the electrophoresed proteins.

The allergenicity of undigested PPI and hydrolysis products
was analysed by immunoblotting using the sera containing
anti-PPI IgG from rabbits or IgE from patients. Retentates
and dialysates (100 pg) were loaded onto a gel for SDS-
PAGE, as described above. After electrophoresis, proteins
were transferred onto polyvinyl difluor membranes (Milli-
pore, Saint Quentin en Yvelines, France) by applying a
constant current of 300mA for 60min with a semi-dry
blotting (Trans-Blot, Bio-Rad). Cut strips (4 mm) were used
for immunodetection. All patient and rabbit sera were diluted
in Tris buffer saline (TBS, 50 mm, pH 7.5) containing 0.05%
(v/v) Tween-20 (TBS-Tween). The total incubation volume
was 2mL per strip. Strips were washed three times for 15min
with 0.1% TBS-Tween between all incubation steps. The
strips were incubated with primary antibodies (rabbit anti-
peanut or rabbit pre-immune, 1:10000; patient allergenic or
non-allergenic sera 1:5) for 12h at 4°C. Biotinylated anti-
rabbit IgG or biotinylated anti-human IgE (Biovaley, Marnes
la Valée, France) were subsequently incubated (1:2000) for
2h at room temperature. Antigen—antibody conjugates were

visualized by their reaction to streptavidin alkaline phospha-
tase (1:1000) (Biovaley) for 30 min. Enzymatic staining was
performed with 4-nitroblue tetrazolium chloride and 5-bromo-
4-chloro-3-indolylphosphate using a commercial kit (Sigma).

Results

SDS-PAGE electrophoresis patterns

Electrophoresis of PPI after peptic hydrolysis (Fig. 1) SDS-
PAGE electrophoresis of undigested PPI (lane 6) presented
several and distinct proteins with apparent MW ranging from
64 to 6kDa, as estimated from standard MW (lane 1). PPI
allergens were identified only by their MW. The band with an
apparent MW of 64kDa corresponds to Ara h 1; 22 and
20kDa proteins represent Ara h 2 doublet; Ara h 3
corresponds to bands with MW 46, 44 and 28 kDa that form
a triplet and a band with an MW of 15kDa. All protein
bands were intact after PPI peptic digestion (lane 2). The
presence of gum arabic (lane 3) and xylan (lane 5) did not
change the PPI peptic hydrolysis. In contrast with LMP (lane
4), some bands disappeared or were reduced, particularly
bands with apparent MW 64 (Ara h 1 protein), 46, 44, 28
(triplet Ara h 3) and 24 kDa.

Electrophoresis of PPI retentates (Fig. 2a) PPI hydrolysis
by pepsin followed by the T/C mixture in dialysis bags led to
the disappearance of some proteins and the appearance of
peptides, depending on the polysaccharide and the MWCO of
the dialysis bag used.

The electrophoresis pattern of retentates of PPI without
polysaccharides from dialysis bags with an MWCO of
1000 Da (lane 2) showed the disappearance of the protein
bands corresponding to apparent MW from 64 to >29kDa
and bands with apparent MW from 24 to 20kDa. Bands
corresponding to proteins or peptides with an apparent MW
of 29, 28 and 17kDa, and peptides with apparent MW
<12kDa were observed. The addition of polysaccharides
modified the PPI electrophoresis pattern of retentates. With
gum arabic (lane 3), protein bands with apparent
MW >29kDa, bands with 27, 24, 23 and 15kDa and a small
peptide <6kDa were present, indicating a reduction of PPI
degradation. In the PPI-LMP retentate (lane 4), all bands
were less intense than the ones observed with the retentate of
the PPl-gum arabic mixture. There were no proteins or
peptides with an apparent MW between 17 and 28 kDa and
>29kDa; a 12-kDa band was present. The addition of xylan
in the PPI (lane 5) led to an electrophoresis pattern of the
retentate similar to the one obtained with a gum arabic—PPI
mixture (presence of bands >29kDa and bands with MW
27, 24 and 23kDa). An intensification of the band with an
apparent MW of 12kDa and a disappearance of the band
with an apparent MW of 17kDa were observed.

The electrophoresis pattern of retentate without polysac-
charides in a dialysis bag with an MWCO of 8000 Da (lane 6)
was slightly different from the one with a membrane with an
MWCO of 1000Da, with an additional band with an
apparent MW of 12kDa observed and an intensification of
the 9-kDa band. In the presence of polysaccharides, the
electrophoresis patterns of retentates were similar to the one
obtained with the membrane with an MWCO of 1000 Da, in
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Fig. 1. SDS-PAGE electrophoresis of peanut protein
isolate (PPI) after peptic digestion. Lane 1: Std
(standard molecular weight (MW)); lane 2: PPI without
polysaccharide; lane 3: PPl-gum arabic (GA); lane 4:
PPl-low methylated pectin (LMP); lane 5: PPl-xylan
(XYL); lane 6: undigested PPI. Each lane was loaded
with 100 ug of proteins; proteins were stained with
Coomassie blue.
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Fig. 2. SDS-PAGE electrophoresis of peanut protein isolate (PPI) digestion products in (retentates) and out of (dialysates) the dialysis bag, after PPI peptic
digestion followed by trypsin/chymotrypsin (T/C) digestion. (a) retentates; (b) dialysates. (a, b) PPI T/C digestion in dialysis bag with a molecular weight cut-
offs (MWCO) of 1000 Da; lane 2: PPI without polysaccharide; lane 3: PPI-gum arabic (GA); lane 4: PPI-low methylated pectin (LMP); lane 5: PPl—xylan

(XYL). (a, b) PPI digestion in dialysis bag with an MWCO of 8000 Da; lane 6: PPI without polysaccharide; lane 7: PPI-GA; lane 8: PPI-LMP; lane 9: PPI-XYL.
Lane 1: Std (standard MW). (a) Each lane was loaded with 100 pg of proteins; proteins were stained with Coomassie blue. (b) Each lane was loaded with

200 pg of proteins; proteins were stained with silver nitrate.

the presence of gum arabic, with slightly less intense bands
(lane 7) and LMP (lane 8). The addition of xylan (lane 9)
resulted in an intensification of the bands <12kDa and a
disappearance of the bands with an MW between 15-28 and
>28kDa.

Electrophoresis of dialysates (Fig. 2b) Bands with apparent
MW 29, 28, 17, 15 and 7kDa were clearly observed in the
dialysate electrophoresis pattern from the dialysis bag with an
MWCO of 1000 Da for the PPI control (lane 2). Some bands
were less intense or disappeared when hydrolysis was

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:1429-1437
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performed in the presence of gum arabic (lane 3) and LMP
(lane 4). In the presence of xylan (lane 5), the electrophoresis
pattern was comparable to the one of the PPI control. In the
dialysis bag with an MWCO of 8000 Da, bands with apparent
MW 29, 28, 17, 15 and 7kDa were observed in the PPI
control (lane 6). All bands disappeared in the presence of
polysaccharides (lanes 7-9).

Immunoblotting

IgG immunoblotting The immunoblot of undigested PPI
presented several proteins that were recognized by PPI rabbit
antibodies (Fig. 3a). The most important recognition was of
the proteins with apparent MW 64, 46 and 44 and all proteins
with apparent MW <24 kDa. All major peanut allergens, Ara
h 1 (64kDa), Ara h 2 doublet (22 and 20kDa) and Ara h 3
(46, 44 and 15kDa), were detected. The incubation of the
same sample with a pre-immune rabbit serum did not present
IgG-binding peanut proteins (results not shown).

The peptic hydrolysis products (Fig. 3b) showed a pattern
of IgG-binding protein similar to the ones obtained with
undigested PPI, except in the case of the PPI-LMP mixture
where some proteins had disappeared (64 and 24 kDa).

The immunoblot of retentates showed several peptides
recognized by the PPI rabbit antibodies (Fig. 3c). The most
significant reaction was observed in all cases with peptides
with an MW of 28 and <17kDa, particularly with two
peptides with an apparent MW of 9 and 7 kDa. This was true
whether or not hydrolysis was carried out with polysacchar-
ides and regardless of the MWCO of the dialysis bag used.
The IgG binding of bands with an MW >35kDa and bands
with an MW of 17, 15 and 12kDa were weak in the retentate
of the PPI control (lane 2). In the PPI-gum arabic retentate
(lane 3), an intensification of the 15-kDa band and the IgG
binding of the 27- and 24-kDa bands were observed. In the
PPI-LMP retentate (lane 4), there was no IgG binding with
17-kDa band. In the presence of xylan (lane 5), the IgG
binding displayed the same pattern as the one of PPI-gum
arabic. The 12-kDa band, very intense in the SDS-PAGE
electrophoresis pattern (Fig. 2, lane 5), displayed a weak IgG
binding. When hydrolysis was performed in the dialysis bag
with an MWCO of 8000 Da, there was no IgG binding
with peptides between 28 and 15kDa in any of the cases. An
intensification of the 12-kDa band IgG binding was observed
in the retentate of the PPI-control (lane 6) and the PPI-xylan
(lane 9).

The immunoblots of dialysates (Fig. 3d) present the
greatest degree of IgG binding with peptides with an MW
of 28, 9 (not detected in the electrophoresis pattern) and
7 kDa, rather than with peptides with an MW of 29, 15 and
12kDa in the dialysate of the PPI control (lane 2) from the
dialysis bag with an MWCO of 1000Da. Adding poly-
saccharides during the PPI hydrolysis reduced the IgG
binding. This reduction was not as great in the presence of
gum arabic (bands with an MW of 28, 9 and 7kDa), than
with xylan (bands with an MW of 28, 9 and 7) and with LMP
(bands with an MW of 28 and 9 kDa). Dialysates of the PPI
control from the membrane with an MWCO of 8000 Da
showed only two bands (28 and 7kDa) binding with PPI
rabbit antibodies. No IgG binding was observed in the pres-
ence of polysaccharides.

IgE immunoblotting The immunoblot of samples with IgE
from pooled allergenic patient sera showed the immunor-
eactive effect of the proteins of undigested PPI (Fig. 4a). IgE
binding with protein with apparent MW 64, 46 and 44kDa
was weaker than with IgG. In contrast to the IgG binding, the
protein with an apparent MW of 24 kDa was not recognized
by IgE. Bands with MW 22, 20, 17, 15 and <15kDa
displayed high IgE-binding intensity. Peptic hydrolysis (Fig.
4b) slightly modified the IgE binding with the 24 kDa-band
recognized by human antibodies in the case of the PPI-
control (lane 2), PPI-gum arabic (lane 3) and PPI—xylan (lane
5). Proteins with an MW >22kDa did not display IgE
binding in the case of PPI-LMP (lane 4). In retentates (Fig.
4c), as in the case of IgG binding, IgE mainly recognized the
peptides with an apparent MW of 9 and 7 kDa. Except in the
case where digestion took place in the presence of xylan (lane
5) in the membrane with an MWCO of 1000 Da, the IgE
binding was not as great (only with the 9-kDa band). The IgE
binding with the 27-kDa band was observed in the PPI-gum
arabic (lane 3) and the PPI-LMP (lane 4) retentates only. In
retentates from the dialysis bag with an MWCO of 8000 Da,
the IgE binding with the 12-kDa band was observed in the
PPI-gum arabic (lane 7) and the PPI-xylan (lane 9)
retentates. A weak IgE binding with the 27-kDa band was
observed in the PPI-gum arabic only (lane 6). The incubation
of undigested PPI with serum from patients without peanut
sensitivity did not have IgE-binding proteins (results not
shown).

The IgE binding in dialysates (Fig. 4d) was observed only
with the 7-kDa band when hydrolysis was performed without
polysaccharides. The 7-kDa IgE binding was greater when it
came from the membrane with an MWCO of 8000 Da than
from the membrane of an MWCO of 1000 Da.

Discussion

Stability under digestion is thought to be an important
requirement for the allergenicity of food proteins [15, 17, 32,
33]. This stability may be important for both sensitization of
the immune system after penetration of the intestinal mucosa
and for the elicitation of gastrointestinal symptoms of food
allergy [33]. However, some studies have demonstrated that
indigestibility of food protein is not a prerequisite for
inducing allergenic symptoms [34, 35]. Astwood et al. [15]
treated purified proteins with simulated gastric fluid for
60min and monitored degradation by multiple sampling
during this period. The use of single enzymes may under-
estimate digestibility. As a result, the in vitro digestion
method used in this study simulates the in vivo situation by
using a two-step hydrolysis [30, 36]. The protein source is first
hydrolysed by pepsin, the pH being progressively reduced
from pH 7 to pH 2 in 2 h [29]. Pepsin did not hydrolyse PPI in
low MW peptides under our experimental conditions. Pepsin
is a pre-digestive enzyme that cleaves bonds between aromatic
amino acids (tyrosine and phenylalanine) and facilitates
digestion with pancreatic enzymes [30, 37, 38].

In the second step, where hydrolysis by the T/C mixture
took place in dialysis bags after peptic hydrolysis, retention of
some proteins or peptides indicates a reduction of PPI
hydrolysis as observed in in vitro and in vivo studies [39-41].
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Fig. 3. Immunoblot of IgG-binding proteins of undigested peanut protein isolate (PPI), (a) PPI after peptic hydrolysis, (b) PPI products digestion after peptic
followed by trypsin/chymotrypsin (T/C) digestion in (retentates) and out of (dialysates) the dialysis bags. (c) retentates; (d) dialysates. PPI after peptic
hydrolysis (b): lane 1: Std (standard molecular weight (MW)); lane 2: PPI without polysaccharide; lane 3: PPI-gum arabic (GA); lane 4: PPI-low methylated
pectin (LMP); lane 5: PPl—xylan (XYL). (c, d) PPI T/C digestion in dialysis bag with a molecular weight cut-offs (MWCO) of 1000 Da: lane 2: PPI without
polysaccharide; lane 3: PPI-GA; lane 4: PPI-LMP; lane 5: PPI-XYL. (c, d) PPI T/C digestion in dialysis bag with an MWCO of 8000 Da; lane 6: PPI without
polysaccharide; lane 7: PPI-GA; lane 8: PPI-LMP; lane 9: PPI-XYL. Lane 1: Std (standard MW). (a—c) Each lane was loaded with 100 pg of proteins;

(d) each lane was loaded with 200 pg of proteins.

In a previous study, we showed that the polysaccharides used
here had no effect on the T/C enzymatic activities (results not
shown). According to previous studies, it is unlikely that the
observed effects could be induced by an increased viscosity of
the mixture at the low polysaccharide concentration used [41,
42]. The reduction of PPI hydrolysis could therefore be due to

the formation of complexes between the hydrolysis products
(rather than undigested proteins) and polysaccharides, as
suggested by electrophoresis patterns, by non-specific inter-
actions such as electrostatic interactions or hydrogen bond-
ing. Electrostatic interactions between negative carboxylic
polysaccharides such as LMP and gum arabic and peptides

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:1429-1437



In vitro allergenicity of peanut 1435

a o
(a) -
A
=
]
=3 = E
= & =}
= - &
214 P
118
92.2
> ~ 464 Aranhl
52.2
...1:22
35.7 P |
Ara h 3 triplet
28.9 P <28
22
Ara h 2 doublet
20.8 P> 20 }
17
15 Ara h3
68 P ' <+
= & & = & &
(c) £ g g g g2 g
EEENE N
= >
= < Il 2 < >~
g S O 2% £ 3 3 &%
% = N A wh wl
= & A& A A & A & &
Z @n A A A A A A~ &~ &~
= - a & ¥ wn B8 = % N

(b)
& a
= < =
g 5 3 &
S =Tz oz 5 =
2w A A A A
5 & & s ¥ ow
ssillll
= & & = & &
(d) - ~
s 228 ;
_ S « ><g< o
2 233553 3 %
S = §E E EE E E E E
2 »n A A A A A A A A
R S
214
118
922
522 P
357 P
2s.9->.-
20.8 P
6. —

Fig. 4. Immunoblot of IgE-binding proteins of undigested peanut protein isolate (PPI) (a), PPI after peptic hydrolysis (b), PPl digestion products in
(retentates) and out of (dialysates) the dialysis bags after peptic followed by trypsin/chymotrypsin (T/C) digestion in dialysis bags. (c) retentates; (d)
dialysates. PPI after peptic hydrolysis (b): Lane 1: Std (standard molecular weight (MW)); lane 2: PPI without polysaccharide; lane 3: PPI-gum arabic (GA);
lane 4: PPI-low methylated pectin (LMP); lane 5: PPI-xylan (XYL). (c, d) PPI T/C digestion in dialysis bag with a molecular weight cut-offs (MWCO) of
1000 Da: lane 2: PPI without polysaccharide; lane 3: PPI-GA; lane 4: PPI-LMP; lane 5: PPI-XYL. PPI T/C digestion in dialysis bag with an MWCO of
8000 Da; lane 6: PPI without polysaccharide; lane 7: PPl-gum arabic (GA); lane 8: PPI-LMP; lane 9: PPI-XYL. Lane 1: Std (standard MW). (a—c) Each lane
was loaded with 100 ug of proteins; (d) each lane was loaded with 200 pg of proteins.

can exist at alkaline pH during T/C digestion, particularly
with peptides containing positive amino acids such as arginine
and lysine released from cleavage by trypsin. Non-ionic
interactions are also possible between these polysaccharides
[43—45], particularly xylan, a neutral oligomer, and peptides.

In the case of LMP, we are unable to explain the
disappearance of some bands during PPI peptic digestion
and the increase of T/C hydrolysis at this stage of our study.

The slight difference between the electrophoresis patterns of
retentates from the two dialysis bags is due to the porosity of

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:1429-1437



1436 J. Mouécoucou et al.

the latter. The dialysis cell allows continuous separation of
the final products that cross through the dialysis membrane
into the outer compartment [36], leading to a reduction of the
substrate in the dialysis bags, depending on the MWCO of the
bags. The smaller the pores, the less hydrolysed products that
are released, as demonstrated by the value of N release in
dialysates [46], increasing the probability of complex forma-
tion between polysaccharides and peptides. Polysaccharides
consequently influence the nature of the peptides produced.
The type of polysaccharide influences protein hydrolysis as
well.

In this study, Ara h 1 (64kDa), Ara h 2 (doublet 22 and
20kDa) and Ara h 3 (triplet 46, 44 and 28kDa) were
hydrolysed only after peptic followed by T/C hydrolysis,
independent of the presence of polysaccharides and regardless
of the dialysis bag used. The hydrolysis of peanut allergens
(Ara h 1 and Ara h 2) has already been observed by other
researchers [14, 33, 47]. In previous studies [47], Ara h 1 was
digested by pepsin, trypsin or chymotrypsin and various
protease-resistant fragments containing IgE-binding sites
were identified. Sen et al. [14], demonstrated the existence
of a 10-kDa protease-resistant peptide of Ara h 2 that
contains multiple IgE-binding epitopes. In contrast, the Ara h
2 that was first reduced before digestion by trypsin did not
produce any enzyme-resistant protein fragment and appeared
to be much more sensitive to the action of protease. This
observation shows the role of the structural conformation of
these allergens on their ability to be hydrolysed by digestive
enzymes. The hydrolysis of Ara h 3 has never been carried out
and our results showed the Ara h 3 triplet digestion by pepsin
followed by T/C. According to some authors, IgE/1gG-
binding epitopes are located throughout the length of Arah 1,
Arah 2 and Ara h 3 [8, 14, 48], explaining why peptides from
PPI hydrolysis activate the response to antibodies.

Despite the possibility of peptide—polysaccharide complex
formation in the dialysis bags, IgG epitopes of the peptides of
the retentates were not destroyed or masked and were able to
recognize rabbit antibodies. The IgG binding with the
peptides that crossed the dialysis bag was slightly reduced
in the presence of polysaccharides. The IgE antibodies re-
cognized only one part of the peptides in and out of the
dialysis bags. This observation confirms that IgE epitopes
significantly differ from IgG epitopes. After total digestion
(pepsin followed by T/C) in the presence of xylan, the
considerable reduction of IgE binding with the peptides of
retentate suggests that xylan modulated the T/C hydrolysis in
a way that reduced the IgE binding to the generated peptides.
The reduction of antibody binding, particularly significant in
the case of the IgE binding with peptides that crossed the
dialysis bags in the presence of all of the polysaccharides,
once again suggests that these peptides do not contain IgE
epitopes accessible to the antibodies. This could be due to the
conformational change of these peptides or their IgE epitopes
masked in the presence of the polysaccharides.

The size of peptides did not influence the response to
antibodies because small peptides such as those obtained after
PPI hydrolysis (<10kDa) were recognized by antibodies.
According to some authors, there seems to be a size limitation
on the ability of peptides to react with the IgE of already
sensitized individuals. Van Beresteijn et al. [49] tested the
immunological properties of hydrolysates of whey protein

concentrate and found that the minimal molecular mass
necessary to elicit immunogenicity and allergenicity appeared
to be between 3 and 5SkDa. In dialysates, the peptide with an
apparent MW of 7kDa that displays IgE binding could be
compared with the 10-kDa fragment obtained by Sen et al.
[14] after Ara h 2 peptic, trypsic or chymotrypsic hydrolysis
and that contains multiple IgE-binding epitopes.

In our experiment, the non-specific interactions between
PPI and polysaccharides produce a reduction of antibodies
binding with digestion products. That is not the case in other
studies [18-21] that showed the enhancement of the allergenic
properties of roasted peanuts (particularly Ara h 1 and Ara h
2) in the presence of various monosaccharides caused by the
chemical modifications resulting from the Maillard reaction,
involving covalent linkage that may create novel IgE-binding
sites and enhance other allergenic properties such as resist-
ance to heat, degradation and digestion by gastric secretion.

In the present study, we have shown that the presence of
polysaccharides modifies PPI digestibility as a result of
interactions between the two macromolecules and, conse-
quently, influences the nature of the peptides released.
Hydrolysis products in the dialysis bags reacted with IgG
and IgE antibodies, whereas the immunoreactivity of peptides
that crossed through the dialysis bags were considerably
reduced when hydrolysis was performed in the presence of
polysaccharides. The reaction between the hydrolysis pro-
ducts in the dialysis bags and IgG antibodies indicates that
their epitopes are not masked by the polysaccharides.
Although this study shows that the polysaccharides investi-
gated have an effect at the chosen ratio, the influence at ratios
found in existing foods may be different and requires further
clarification.

In this study, xylan proved to be the most efficient
polysaccharide for reducing the in vitro allergenicity of PPI
hydrolysis products in the dialysis bag. However, all of the
polysaccharides used reduced the in vitro allergenicity of the
hydrolysis products that crossed the dialysis bags, regardless
of the MWCO. This work highlights the possibility of
modulating this food allergy through optimized formulation.

References

Moneret-Vautrin D. Modifications of allergenicity linked to food

technologies. Allergie Immunol 1998; 313:518-21.

2 Burks AW, Williams LW, Helm RM, Connaughton C, Cockrell G,
O’Brien TJ. Title: Identification of major peanut allergen, Ara h 1,
in patients with atopic dermatisis and positive peanut challenges.
J Allergy Clin Immunol 1991; 88:172-9.

3 Bannon GA, Shin D, Maleki S, Kopper R, Burks W. Tertiary
structure and biophysical properties of a major peanut allergen,
implications for the production of a hypoallergenic protein. Int
Arch Allergy Immunol 1999; 118:315-6.

4 Singh B, Singh U. Peanut as a source of protein for human foods.
Plant Foods Hum Nut 1991; 41:165-77.

5 Lucas EW. Food uses of peanut protein. ] Am Chem Soc 1979;
56:425-30.

6 El-Zalaki LM, Gomaa EG, Abdel-Rahman AY. Peanut protein:
functional properties and nutritional studies. Riv Ital Delle Sos
Grasse 1995; 72:505-8.

7 Bock SA, Atkins FM. The natural history of peanut allergy.

J Allergy Clin Immunol 1989; 83:900-4.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:1429-1437



1437

In vitro allergenicity of peanut

20

21

22

23

24

25

26

27

28

29

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:1429-1437

Burks W, Sampson HA, Bannon GA. Peanuts allergens. Allergy
1998; 53:725-30.

Stanley JS, King N, Burks AW, Huang SK, Sampson H, Cockrell
G. Identification and mutational analysis of the immunodominant
IgE binding epitopes of the major allergen Ara h 2. Arch Biochem
Biophys 1997; 342:244-53.

DeJong EC, van Zijverden M, Spanhaas S, Kopelman SJ,
Pellegrom H, Penninks AH. Identification and partial character-
ization of multiple major allergens in peanut proteins. Clin Exp
allergy 1998; 28:743-51.

Kleber-Janke T, Crameri R, Appenzeller U, Schlaak M, Becker
WM. Selective cloning of peanut allergens, including profilin and
2S albumins, by phage display technology. Int Allergy Immunol
1999; 119:265-74.

Clarke MCA, Kilburn SA, Hourihane JO, Dean KR, Warner JO,
Dean TP. Serological characteristics of peanut allergy. Clin Exp
Allergy 1998; 28:1251-7.

Koppelman SJ, Vlooswijk RAA, Knippels LMJ et al. Quantifica-
tion of major peanut allerges Ara h 1 and Ara h 2 in the peanut
varieties Runner, Spanish, Virginia and Valencia, bred in different
parts of the word. Allergy 2001; 56:132-7.

Sen M, Kopper R, Pons L, Abraham EC, Burks AW, Bannon GA.
Protein structure plays a critical role in peanut allergen stability
and may determine immunodominant IgE-binding epitopes.

J Immunol 2002; 169:882-7.

Astwood JD, Leach JN, Fuchs RL. Stability of food allergens to
digestion in vitro, Nat. Biotechnology 1996; 14:1269-73.

Gonella PA, Walker WA. Macromolecular absorption in the
gastrointestinal tract. Adv Drug Deliv Rev 1987; 1:235-48.

Besler M, Steinhart H, Paschke A. Stability of food allergens and
allergenicity of processed foods. J Allergy Clin Immunol 2001;
B756:228-38.

Beyer K, Morrow E, Li XM et al. Effects of cooking methods on
allergenicity. J Allergy Clin Immunol 2001; 107:1077-81.

Chung SY, Champagne ET. Allergenicity of Maillard reaction
products from peanut proteins. J Agric Food Chem 1999; 47:
5227-31.

Chung SY, Champagne ET. Association of end-product adducts
with increased IgE binding of roasted peanuts. J Agric Food Chem
2001; 49:3911-16.

Chung SY, Butts CL, Maleki SJ, Champagne ET. Linking peanut
allergenicity to the processes of maturation, curing and roasting.
J Agric Food Chem 2003; 51:4273-7.

Maleki SJ, Chung SY, Champagne ET, Raufman JP. The effects of
roasting on the allergenic properties of peanuts proteins.

J Allergy Clin Immunol 2000; 106:763-8.

Woodroof JG. Composition and use of peanuts in diet. World Rev
Nutr Diet 1969; 11:142-69.

Conkerton EJ, Ory RL. Peanuts as food proteins. In: Hudson BJF,
ed. Developments in foods proteins-5. London: Elsevier, 1987:1-29.
Rustom IYS, Lopez-Leiva MH, Nair BM. Nutritional, sensory and
physicochemical properties of peanut beverage sterilized under two
different UHT conditions. Food Chem 1996; 56:45-53.

Syrbe A, Bauer WJ, Klostermeyer H. Polymer science concepts in
dairy systems. An overview of milk protein and food hydrocolloid
interaction. Int Dairy J 1998; 8:179-93.

Kravtchenko TP. Application of acacia gum as a natural source of
soluble dietary fibre. In: Food Ingredients Europe, Conference
Proceedings, Maaersen, the Netherlands. The Netherlands: Miller
Freeman Publications, 1997:56-60.

Wang Q, Qvist KB. Investigation of the composite system of
B-lactoglobulin and pectin in aqueous solutions. Food Res Int
2000; 33:683-90.

Bernier JJ, Adrian J, Vidon N. Les aliments dans le tube digestif.
Paris: Doin, 1988.

30

31

32

33

34

35

36

37

38

39

40

41

4

43

44

45

46

47

48

49

Savoie L, Gauthier R. Dialysis cell for the in vitro measurement of
protein digestibility. J Food Sci 1986; 51:494-8.

Laemmli UK, Favre M. Maturation of the head of bacteriophage
T4. 1. DNA packaging events. J Mol Biol 1973; 80:575-99.

Burks AW, Williams LW, Connaughton C, Cockrell G, O’Brien
TJ, Helm RM. Identification and characterization of a second
major peanut allergen, Ara h 2, with use of the sera of patients with
atopic dermatitis and positive peanut challenge. J Allergy Clin
Immunol 1992; 90:962-9.

Vieths S, Reindl J, Miiller U, Hoffmann A, Haustein D.
Digestibility of peanut and halzenut allergens investigated by a
simple in vitro procedure. Eur Food Res Technol 1999; 209:379-88.
Yagami T, Haishima Y, Nakamura A, Osuna H, Ikezawa Z.
Digestibility of allergens extracted from natural rubber latex and
vegetable foods. J Allergy Clin Immunol 2000; 106:752-62.

Fu TJ. Digestion stability as a criterion for protein allergenicity
assessment. Review. Ann NY Acad Sci 2002; 964:99-110.
Gauthier S, Vachon C, Savoie L. Enzymatic conditions of an in
vitro method to study protein digestion. J Food Sci 1986; 51:960-4.
Reddy M, Kella NKD, Kinsella JE. Structural and conformational
basis of the resistance of B-lactoglobulin to peptic and chymo-
tryptic digestion. J Agric Food Chem 1988; 36:737-41.

Mullaly MM, Mehra R, Fitzgerald RJ. Thermal effects on the
conformation and susceptibility of B-lactoglobulin to hydrolysis by
gastric and pancreatic endopeptidases. Irish J Agric Food Res
1998; 37:51-60.

Edwards CA, Johnson IT, Read NW. Do viscous polysaccharides
reduce absorption by inhibiting diffusion or convection? J Clin
Nutr 1988; 42:307-12.

Larsen FM, Wilson MN, Moughan PJ. Dietary fiber viscosity and
amino acid digestibility, proteolytic digestive enzyme activity and
digestive organ weights in growing rats. J Nutr 1994; 124:833-41.
Lamghari El Kossori R, Sanchez C, El Boustani ES et al.
Comparison of effects of prickly pear (Opuntia ficus indica sp) fruit,
arabic gum, carrageenan, alginic acid, locust bean gum and citrus
pectin on viscosity and “in vitro” digestibility of casein. J Sci Food
Agric 2000; 80:359-64.

Sanchez C, Renard D, Robert P, Schmitt C, Lefebvre J. Structure
and rheological properties of acacia gum dispersions. Food
Hydrocolloids 2002; 16:257-67.

Imeson AP, Ledward DA, Mitchell JR. On the nature of the
interactions between some polysaccharides and proteins. J Sci
Food Agric 1977; 28:661-8.

Tolstoguzov VB. Functional properties of protein-polysaccharide
mixture. In: Mitchell JR, Ledward DA, eds. Functional pro-
perties of food macromolecules. London, UK: Elsevier, 1986;
385-415.

Xia J, Dubin PL. Protein-polyelectrolytic complexes. In: Dublin
PL, Bock J, Davis R, Schulz DN, Thies C, eds. Macromolecular
complexes in chemistry and biology. Berlin: Springer-Verlag, 1994;
247-71.

Mouécoucou J, Sanchez C, Villaume C et al. Effects of different
levels of gum arabic, low methylated pectin and xylan on

the in vitro hydrolysis of beta-lactoglobulin. J Dairy Sci 2003;
86:3857-65.

Malecki SJ, Kopper RA, Shin DS et al. Structure of the major
peanut allergen Ara h 1 may protect IgE-binding epitopes from
degradation. J Immunol 2000; 164:5844-9.

Hong SJ, Michael JG, Fehringer A, Leung DYM. Pepsin-digested
peanut contains T-cell epitopes but no IgE epitopes. J Allergy Clin
Immunol 1999; 104:473-7.

Van Beresteijn EC, Meijer RJ, Schmidt DG. Residual antigenicity
of hypoallergenic infant formulas and the occurrence of milk-
specific IgE antibodies in patients with clinical allergy. J Allergy
Clin Immunol 1995; 96:365-74.



