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Roasting and lipid binding provide allergenic and 
proteolytic stability to the peanut allergen Ara h 8

Abstract: Ara h 8 is the peanut allergen homologous to 
the birch pollen allergen Bet v 1. Because Bet v 1 has been 
shown to bind lipophilic ligands, the aim of this investi-
gation was to determine the impact of lipid binding and 
roasting on the Ara h 8 structure and their influences on 
allergenicity. For the characterization of natural Ara h 8 
(nAra h 8) from roasted and unroasted peanuts, circu-
lar dichroism spectroscopy, hydrophobic binding assay, 
immunohistochemistry, and immunoblot with sera of 
peanut allergic patients were performed and compared 
with results from recombinant Ara h 8 (rAra h 8) and Bet 
v 1. rAra h 8 displayed stronger hydrophobicity than rBet 
v 1. Patients’ sera showed IgE reactivity with rAra h 8 and 
nAra h 8 from roasted peanuts, whereas fewer sera recog-
nized nAra h 8 from unroasted peanuts. Simulated gastric 
digestion experiments demonstrated low proteolytic sta-
bility of rAra h 8, whereas the stability of nAra h 8 was 
increasingly higher in unroasted and roasted peanuts. 
The results demonstrate that IgE reactivity and thermal 
and proteolytic stability are reinforced in nAra h 8 after 
roasting, most likely due to Maillard reactions, lipid oxi-
dations, and lipophilic associations. These aspects must 
be considered when estimating the allergenicity of Bet v 
1-homologous proteins.
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Introduction
Peanut and peanut oil-containing products play a major 
role in food and cosmetic industry. Peanuts are offered on 
the market in rather different preparations, e.g., in China 
they are normally dried or boiled, whereas in the USA they 
are dry roasted or roasted in oil for variable intervals and 
at different temperatures (Maleki et al., 2000a; Beyer et al., 
2001). Therefore, customers consume a mixture of differ-
ently processed peanuts (among others peanut butter) with 
considerably different consequences: whereas the preva-
lence of peanut allergy in China is 0.5% (Ho et al., 2012), it 
is over 2% in the USA (Gupta et al., 2011), which points to 
the influence of food processing on allergenicity. Peanut 
allergy is a very severe problem. About 1% of the Western 
civilization (Sicherer et al., 2003) is affected with increas-
ing prevalence, especially the children in the USA and 
Europe (Du Toit et al., 2008). The symptoms are diverse, 
involving the whole system (gastrointestinal tract (e.g., 
vomiting, diarrhea), the respiratory tract (e.g., asthma), 
the skin (e.g., eczema), or the mouth and throat (e.g., oral 
allergy syndrome). In the majority of cases, the symptoms 
of peanut allergy are severe; some are even fatal. In fact, 
more than 60% of lethal anaphylactic reactions to food in 
the USA were ascribed to peanut (Bock et al., 2001).

Up to now, 12 peanut allergens have been identi-
fied and were assigned by the International Union 
of Immunological Societies Allergen Nomenclature 
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Subcommittee. Most of them have been isolated from 
aqueous extracts. Some have already been identified 
as marker allergens for severe reactions, supporting the 
significance of a component-resolved diagnostic. Peanut 
contains about 50% of lipophilic components (peanut 
oil), with a fatty acid composition of 50% oleic acid, 30% 
linoleic acid, 10% palmitic acid, 3% stearic acid, and 1% 
arachidic acid (Özcan, 2010). Apart from consumption 
of peanut-containing food, people may also come into 
contact with peanut oil because of the widespread use 
in cosmetic formulas for adults and babies (e.g., crèmes, 
bathing oils, massage oils). In addition, peanut oil has 
been used as ingredient in some topical treatments for 
patients with atopic eczema (Zhai et  al., 2003; Dohil 
et al., 2009). The role of peanut oil in the development 
of peanut allergy was controversially discussed (Lack 
et  al., 2003; Strid et  al., 2005). The lipid phase has so 
far been only partially characterized with regard to 
allergens. Although several studies (Olszewski et  al., 
1998; Ramazzotti et al., 2008) on the protein content in 
crude and refined peanut oil were performed, only a few 
lipophilic peanut allergens have been identified so far. 
This might be due to technical difficulties with the lipid 
matrix. Some peanut allergens are suspected to remain 
in cold-pressed and even in refined peanut oil. To our 
knowledge, two IgE-reactive proteins were detected in 
refined peanut oil until now: an 18-kDa protein assumed 
to be the major allergen Ara h 2 and a 14-kDa protein 
identified as an oleosin (Olszewski et  al., 1998). Apart 
from the peanut oleosins (Ara h 10 and Ara h 11) and the 
lipid transfer protein Ara h 9, the Bet v 1-homologous 
protein Ara h 8 may be of high relevance due to probable 
associations with lipids.

Ara h 8 plays a major role in patients with birch 
pollen-associated peanut allergy (Mittag et  al., 2004a). 
Usually, Bet v 1-homologous proteins belong to class II 
food allergens, which are thermally and proteolytically 
unstable and provoke only mild symptoms (Ebner et al., 
1995). Although this allergen is normally found only in 
low concentration in peanut extract, when compared with 
the 80%–90% of peanut storage proteins (Riecken et al., 
2008), its expression can be upregulated under stress and 
defense conditions (Fernandes et al., 2013).

In contrast to the usual Bet v 1-homologous allergens, 
Gly m 4 from soybean can cause severe anaphylactic reac-
tions (Kleine-Tebbe et al., 2002). The reasons have not yet 
been fully elucidated.

The significance of Ara h 8 may lie in its structural 
similarity to Bet v 1: both allergens show ribonuclease 
activity (Bufe et al., 1996; Chadha and Das, 2006; personal 
communication) and the hydrophobic pocket binding 

lipophilic ligands as demonstrated in the Bet v 1 molecule 
(Markovic-Housley et  al., 2003; Mogensen et  al., 2002; 
Mattila and Renkonen, 2009) may also exist in Ara h 8.

Mills et al. (2004) hypothesized that associations with 
lipophilic ligands play a role in allergenicity. Because 
peanut contains high amounts of lipids, we assumed a 
most likely association between Ara h 8 and lipids, which 
might even influence sensitization route and allergenicity. 
Sancho et al. (2011) investigated Bet v 1-homologous food 
allergens and observed a structural change and a stabiliz-
ing effect against proteolysis after incubation with phos-
phatidyl choline.

The isoform Ara h 8.0201 is detected in peanut, dis-
playing a protein sequence identity of 43% to Bet v 1a, the 
major allergen of birch pollen (Riecken et al., 2008). Ara h 
8.0201 was confirmed to be an isoform of natural Ara h 8 
(nAra h 8) by mass determination and tryptic mass finger-
printing, where the peptides covered 94% of the sequence 
(Riecken et al., 2008).

Besides the influence of the association with lipo-
philic ligands, roasting might alter the allergenicity of 
proteins in peanut, which was already demonstrated for 
the peanut storage proteins Ara h 1, 2, and 6 (Maleki et al., 
2000a,b; Mondoulet et al., 2005; Vissers et al., 2011).

The aim of this study was to examine the influence of 
lipids on the allergen Ara h 8 with regard to stability and 
allergenicity of this molecule in the light of the complex 
matrix effects increased by thermal processing of peanuts 
and to find an experimental access to this complex and 
difficult goal.

Results

Identification of nAra h 8 in roasted and 
unroasted peanuts

To localize nAra h 8 in peanut tissue, immunohistochemis-
try of roasted and unroasted peanut kernels was performed 
with an Ara h 8-cross-reactive anti-Gly m 4 antiserum.

After staining, immunoreactivity is distinguishable on 
the surface of hyaline and light blue particles in the peanut 
tissue (Figure 1). These structures were identified as starch 
granules using Lugol’s solution. Whereas microscopic sec-
tions of unroasted peanut kernels show an intense stain-
ing of the hyaline particles inside the shrunken cytoplasm 
(Figure 1A), roasted peanuts reveal the structures of the 
disrupted cytoplasm and only a fainter immunostaining 
of the granules (Figure 1B). Figure 1C served as the nega-
tive control (without primary antibody).
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Isolation of Ara h 8 from lipophilic peanut 
extract

To isolate Ara h 8 from peanuts, aqueous extractions were 
examined at varying pH values (pH 2–12). Ara h 8 could 
only be obtained in minor amounts at pH 8. To improve 
Ara h 8 isolation, a lipophilic extraction was employed 
using chloroform and methanol at pH 11. The yields of 
nAra h 8 were about 20 and 8 μg from 1 g of unroasted 
and roasted peanut flour, respectively, as determined by 
densitometry. Both types of peanuts were extracted as 
described and separated by two-dimensional (2D) PAGE.

Figure 2 shows that the protein patterns of unroasted 
and roasted peanuts are considerably different. Both 
extracts contain the prominent protein components of 
18  kDa at pIs of 5–7. Whereas the unroasted extract con-
tains many protein spots of 5–60  kDa and in a wide pI 
range, the roasted extract shows only five protein spots 
of about 18 kDa and pI 4.5–6. Immunostaining with anti-
Gly m 4 antiserum identified the 18-kDa proteins as Bet v 

1-homologous proteins in peanut (data not shown). Thus, 
performing the lipophilic extraction under alkaline condi-
tions, especially the 18-kDa proteins are enriched. These 
components were identified as Ara h 8 by N-terminal 
sequencing. However, the roasted peanut extract contains 
these proteins nearly without impurities. Because peanuts 
are usually consumed after roasting, the effort on further 
improvement of the isolation of Ara h 8 from unroasted 
peanuts was limited.

Immunological characterization

We developed a protocol for the isolation of nAra h 8 from 
peanuts by lipophilic extraction at pH 11 and purification 
by hydrophobic interaction chromatography.

As shown in Figure 3, we compared the two nAra h 8 
samples (roasted and unroasted) with aqueous and lipo-
philic peanut extract as well as with the recombinant Ara 
h 8 (rAra h 8; isoform Ara h 8.0201) by immunoblotting 

Figure 1 Immunohistochemistry for the identification of Ara h 8 in unroasted and roasted peanut kernels.
Immunostaining was performed with anti-Gly m 4 antiserum. (A) Immunostaining of unroasted peanut, (B) immunostaining of roasted 
peanut, and (C) negative control staining of roasted peanut. The starch granules were identified using Lugol’s solution and appear in these 
images as light blue particles. Arrows indicate the immunodetection of Ara h 8 on the surface of starch granules by the brown staining 
(original magnification 400 × ).

Figure 2 2D PAGE of lipophilic peanut extract: protein extraction from commercially available roasted and unroasted peanuts.
Unroasted peanuts were roasted under defined conditions according to our in-house protocol. Proteins were silver stained.
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to determine immunoreactivity. By protein staining using 
India ink (a protein staining routinely used in blotting 
experiments), a number of protein bands are detectable 
in both extracts (Figure 3, lane I), but none showed a band 
of 18 kDa referring to Ara h 8. nAra h 8 from roasted and 
from unroasted peanuts was also not detectable by India 
ink but by Coomassie (data not shown). In contrast, rAra h 
8 could be visualized by protein staining (lane I).

The identification of Ara h 8 was performed with the 
anti-Gly m 4 antiserum (lane I) and with patients’ sera 
(lanes 2–6). The serum of a healthy individual served 
as negative control (lane 7). As further controls, sera of 
peanut allergic individuals with IgE reactivity to Ara h 1, 
2, and 3, but not to Ara h 8, were used (data not shown). 
Although the aqueous extract reveals many protein bands, 
but no IgE reactivities of about 18 kDa, an immunoreactive 
protein of 18 kDa was clearly detectable in the lipophilic 
extract from roasted peanuts and in the purified nAra 
h 8 samples. All five patients’ sera recognized nAra h 8 

isolated from roasted peanuts, but only four were positive 
with nAra h 8 from unroasted peanuts, and the IgE reac-
tivity was much weaker. Using rAra h 8.0201, all five sera 
were shown to be IgE-reactive.

Secondary structure analysis of Ara h 8

Further structural information about Ara h 8 was obtained 
from circular dichroism (CD) spectroscopy using nAra h 8 
from unroasted peanuts, rAra h 8 and nBet v 1. Unfortu-
nately, nAra h 8 from roasted peanuts could not be studied 
due to aggregation and turbidity of the solution.

CD measurements demonstrate that the spectra of 
rAra h 8 and nBet v 1 are similar in their secondary struc-
ture (Figure 4A). Using prediction programs 44% α-helical 
and 16% β-strand and 47% α-helix/14% β-strand were 
determined, respectively. The CD spectrum of nAra h 8 
from unroasted peanuts shows clear differences in the far 

Figure 3 Identification of Ara h 8 by Western blotting.
Aqueous and lipophilic peanut extracts nAra h 8 and rAra h 8 were separated by SDS-PAGE and immunostained after blotting on PVDF mem-
brane. nAra h 8 was only extractable under lipophilic conditions. M, molecular mass marker; I, India ink; 1, anti-Gly m 4; 2–6, patients’ sera: 
no 1– no 5; 7, serum from a healthy individual; 8, anti-rabbit IgG; 9, anti-human IgE, 10, buffer control.
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UV range (Figure 4A) and a lower calculated α-helical per-
centage (28% α-helix/15% β-strand). Because the prepa-
rations of nAra h 8 from roasted samples were turbid, CD 
spectroscopy was not possible.

To determine and compare the thermal stability of 
the three molecules, structural changes were determined 
in the thermal range of 40°C–95°C at 210 nm (minimum 
of the ellipticity). Whereas nAra h 8 shows the structural 
change at 78°C, the lipid-free allergen rAra h 8 and nBet v 
1 showed maximal changes at 64°C and 60°C, respectively 
(Figure 4B). These results demonstrate that the thermal 
stability of nAra h 8 is much higher than that of rAra h 8.

Investigations on Ara h 8 for hydrophobic 
binding regions

To determine experimentally whether the molecular struc-
ture of Ara h 8 resembles Bet v 1 concerning hydrophobic-
ity, 8-anilino-1-naphthalene-sulfonic acid (ANS) binding 
assays were performed with ANS and increasing concen-
trations of rAra h 8 and rBet v 1a, respectively. For these 
experiments, the two recombinant allergens were used to 
warrant that no lipid structures had already bound to the 
molecules. The CD spectra of nBet v 1 and rBet v 1a proved 
to be very similar (data not shown).

As shown in Figure 5, the ANS fluorescence signal 
increases with increasing amounts of rAra h 8, indicating 
a binding to hydrophobic regions. Corresponding studies 
with rBet v 1a displayed only 20% of the ANS fluorescence 
compared with rAra h 8 at a protein concentration of  

Figure 4 Characterization of Ara h 8 by CD spectroscopy.
(A) Far UV spectra of nAra h 8 isolated from unroasted peanuts (---), rAra h 8.0201 (–·-), and nBet v 1 (—). (B) Investigation of the thermal 
stability of the three samples at 210 nm. CD data were collected while increasing the temperature. Curve shows differentiated data (dΘ/dT). 
The height of the maxima is proportional to the slope of the melting curve. All determinations were recorded in 10 mm NaH2PO4/Na2HPO4 
(pH 7.5) with a protein concentration of 10 μm.

150 rAra h 8

rBet v 1a

nLysozyme

nPhl p 6
100

50

0
0 20 40 60

Protein concentration (µM)

R
el

. f
lu

or
es

ce
nc

e 
(%

)

80 100

Figure 5 Investigation of hydrophobic binding regions of Ara h 8.
Comparison of rAra h 8 with rBet v 1a in an ANS binding assay. 
Lysozyme and nPhl p 6 served as controls. Results were obtained 
from three independent experiments; mean ± SDs are shown.

80 μm. Lysozyme and the grass pollen allergen Phl p 6 
served as control proteins and showed no fluorescence. 
Thus, rAra h 8 has a 5-fold higher capacity for binding the 
hydrophobic reagent ANS than rBet v 1a.

Analysis of the proteolytic stability of Ara h 8

To investigate the proteolytic stability of Ara h 8, in vitro 
digestion assays were performed with enzymatic surro-
gates. The treatment with Enzynorm f® and subsequently 
with Kreon® simulated the combined gastric and pancreatic 
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digestion. As demonstrated in Figure 6, the treatment of 
rAra h 8 with Enzynorm f® generated two fragments of 
about 16 and 14 kDa (besides the undigested 18 kDa form), 
which remained stable to proteolysis even after incubation 
for 2 h. The following digestion with Kreon® led to a deg-
radation of the fragments already after 5 min. After addi-
tional 20 min, the fragments were completely degraded, 
although some undegraded rAra h 8 is still detectable. 
Complementary investigations were performed with nAra 
h 8 isolated from roasted and unroasted peanuts. Interest-
ingly, nAra h 8 from roasted peanuts showed no degrada-
tion during simulated digestion, whereas nAra h 8 from 
unroasted peanuts showed only a slight decrease in the 
intensity of the Ara h 8 band, with a few bands of fragments 
appearing, similar but less intensive than in rAra h 8. For 
control, nBet v 1 was treated accordingly and degraded in a 
time-dependent manner. After 20 min of pancreatic diges-
tion, no protein was detectable anymore. These results 
demonstrate that nAra h 8 and rAra h 8 behave differently 
upon digestion: rAra h 8 degraded rapidly, whereas nAra 
h 8 showed a much higher proteolytic stability, especially 
the one isolated from roasted peanuts.

Discussion
In this study, we analyzed the influences of roasting and 
association with lipophilic ligands on structural properties 

of the peanut allergen Ara h 8. The peanut matrix itself, 
with its high lipid content, was shown to alter the molecu-
lar characteristics considerably. Furthermore, it could be 
demonstrated that roasting modifies the Ara h 8 molecule 
and increases the IgE reactivity as well as thermal and 
proteolytic stability.

The difficulties in the isolation of Ara h 8 from peanut 
are well known (Riecken et  al., 2008). We succeeded, 
however, when we performed a lipophilic chloroform/
methanol extraction at alkaline pH. This extraction proce-
dure already demonstrates the hydrophobic characteris-
tics of Ara h 8. We isolated about 20 μg nAra h 8 per gram 
of unroasted peanut and only 8 μg per gram of roasted 
peanuts. The lower yield may be due to aggregation and/
or degradation during the roasting process. However, the 
content of Ara h 8 in peanut is low, and lipophilic extrac-
tion is necessary to isolate the allergen in sufficient purity. 
Because allergen extracts for diagnostic and therapeu-
tic purposes are usually isolated using aqueous buffers, 
allergens such as Ara h 8 are diminished or might get com-
pletely lost (as shown in Figure 3), especially when defat-
ting procedures are performed before protein extraction.

The IgE reactivity of nAra h 8 was shown to be 
increased after roasting. This is in contrast to the insta-
bility of nBet v 1 and Bet v 1-homologous fruit allergens 
(Ebner et al., 1995) and suggests a stabilizing effect of Ara 
h 8 by the association with lipophilic ligands and/or by 
formation of neoepitopes due to roasting.

Gastric Pancreatic

rAra h 8

Gastric Pancreatic

nAra h 8 roasted

Gastric Pancreatic

nAra h 8 unroasted

Gastric Pancreatic

nBet V 1

0′MkDa
116

66
45
35
25
18
14

116
66
45
35
25
18
14

116
66
45
35
25
18
14

116
66
4535
25
18
14

5′ 10′ 20′ 30′ 60′ 0′ 5′ 10′ 20′ 30′ 60′45′ 0′ 5′ 10′ 20′ 30′ 60′45′120′ 0′ 5′ 10′ 20′ 30′ 60′ 120′

0′ 5′ 10′ 20′ 30′ 60′ 0′ 5′ 10′ 20′ 30′ 60′45′ 0′ 5′ 10′ 20′ 30′ 60′45′120′ 0′ 5′ 10′ 20′ 30′ 60′ 120′

Figure 6 Comparison of rAra h 8 and nAra h 8 for their proteolytic resistance examined by SDS-PAGE.
The following Ara h 8 preparations were used: rAra h 8, nAra h 8 isolated from roasted and unroasted peanuts, nBet v 1. The samples were 
digested by the gastric and pancreatic surrogates Enzynorm f® (0.067 μg Enzynorm f® per 10 μg sample, pH 2, from 0 to 2 h at 37°C) and 
subsequently by Kreon® (0.57 μg Kreon® per 10 μg sample, pH 7, from 0 to 1 h at 37°C) and analyzed by SDS-PAGE with Coomassie staining.
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Besides IgE reactivity, we investigated the effect of 
lipid association on thermostability and digestibility of 
Ara h 8, which could have further influence on the aller-
genicity and the sensitization process. The melting tem-
perature of nAra h 8 from unroasted peanuts (78°C) was 
considerably higher than those of rAra h 8 (64°C) and nBet 
v 1 (60°C). The increased thermostability of nAra h 8 might 
be caused by the lipid association. This might also be the 
reason for the deceased solubility and the tendency of 
nAra h 8 to aggregate.

An increase in allergenicity and structural stability by 
roasting has already been described (Maleki et al., 2000b, 
2003; Mondoulet et al., 2005; Vissers et al., 2011) for class 
I (classical) food allergens of peanut, Ara h 1, Ara h 2, and 
Ara  h  6, and was attributed to the Maillard reaction of 
reducing sugars and proteins. In the case of Ara h 8, such 
reactions are especially conceivable because of the prox-
imity of Ara h 8 located on the surface of starch granules, 
which have been shown in grass pollen to be transmitters 
of allergens causing respiratory symptoms (Suphioglu 
et  al., 1992). Hitherto, no increase in stability has been 
shown for class II food allergens, where the allergic reac-
tion is due to cross-reactivity between food allergens and 
sensitizing pollen allergens. Although class II food aller-
gens are usually thermally and proteolytically unstable 
(Ebner et  al., 1995), severe anaphylactic reactions have 
been described for Gly  m  4 (Kleine-Tebbe et  al., 2002). 
The reason for the increased allergenicity has not yet 
been fully elucidated. However, peanut and soybean are 
much closer related to each other than to birch, and also, 
the sequence identity between Gly m 4 and Ara h 8.0201 
is much higher (67%) than the identity of both allergens 
to Bet v 1a of 48% and 44%, respectively. Therefore, one 
might speculate that also Ara h 8 can cause severe allergic 
reactions.

During the roasting process, lipid oxidations with 
various biochemical reactions occur (Chung et  al., 
2002; Liu et  al., 2011) aside from the Maillard reactions. 
Peanut is an oil plant with a lipid content of about 50% 
(Özcan, 2010). Changes due to roasting become obvious 
by comparing roasted and unroasted peanuts concerning 
smell, taste, and oiliness. Therefore, both types of reac-
tions, Maillard reactions and lipid oxidations, must be 
considered.

The association with lipophilic ligands can even alter 
the structure and characteristics of Ara h 8 at room temper-
ature. We determined the different secondary structures of 
nAra h 8 and rAra h 8, whereas rAra h 8 was similar to 
nBet v 1. The capability of Ara h 8 to bind lipids was dem-
onstrated by ANS binding assay. This experiment (Figure 
5) confirmed the hydrophobic binding domains in the 

molecular structure of rAra h 8 with much stronger fluo-
rescence signals than determined for rBet v 1a (Mogensen 
et al., 2002). Mogensen et al. (2002) demonstrated hydro-
phobic domains in rBet v 1a (Bet v 1.2801) with binding 
affinities to fatty acids (especially oleic acid and stearic 
acid) and plant sterols (e.g., dehydroergosterol). 2D NMR 
data confirmed that ANS was bound in the hydrophobic 
cavity of rBet v 1a (Mogensen et al., 2002). 

Unfortunately, the concentration and purity of nAra h 
8 needed were not achievable in the context of this article 
to perform similar experiments in order to demonstrate 
whether lipophilic ligands are bound in nAra h 8 as well.

In peanuts, the majority of the fatty acids are stored 
as triacylglycerols (Carrin and Carelli, 2010). Despite the 
esterification with glycerol, binding of one or more fatty 
acid chains seems possible as concluded from the 3D struc-
ture of triacylglycerols. We performed the experiments 
with the recombinant molecules, so that an interference 
with lipids already bound to the nAra h 8 could be ruled 
out. Preliminary results from the defatting of nAra h 8 
and addition of lipids to rAra h 8 (summarized by Rennert 
et al., 2012) suggested a direct influence of lipids with the 
Ara h 8 molecule, but further experiments and controls 
showed problems in validity. Defatting by organic solvents, 
e.g., ether, did not show constant results, probably due to 
uncompleted defatting. The addition of lipids to the rAra h 
8 was problematic because it could not be differentiated, 
whether the lipids just attached to the protein or whether 
they were incorporated into a hydrophobic cavity.

Experiments were performed with gastric and pan-
creatic surrogates to simulate gastrointestinal digestion; 
therefore, we did not just use pepsin. Lipid-free rAra h 8 
was completely degraded in this setting. In contrast, nAra 
h 8 from roasted peanuts remained stable, whereas nAra h 
8 from unroasted peanuts showed a retarded digestibility. 
Thus, the molecular stability increased from nBet v 1 < rAra 
h 8 < nAra h 8 isolated from unroasted peanuts < nAra h 8 
from roasted peanuts. With regard to the results, the Ara h 
8-lipophilic interaction seems to diminish the gastric and 
pancreatic digestibility of the Bet v 1-homologous peanut 
allergen Ara h 8.

Bet v 1-homologous allergens from fruits (e.g., Mal d 1 
from apple) and vegetables (e.g., Api g 1 from celery) usually 
do not resist digestive enzymes in the gastrointestinal tract 
(Schimek et al., 2005). However, our results showed that 
nAra h 8 differs from nBet v 1 by its resistance to proteo-
lytic enzymes. An increase in proteolytic stability was also 
observed by Sancho et  al. (2011) after addition of phos-
phatidylcholine to Bet v 1-homologous food allergens. The 
association with lipophilic molecules might cause more 
severe allergic reactions than the oral allergy syndrome. 
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Our data concur with the recent observation of systemic 
allergic reactions induced by rAra h 8 (Mittag et al., 2004a) 
and Gly m 4 (Mittag et al., 2004b; Kosma et al., 2010). Fur-
thermore, investigations with antacids indicated an impact 
of reduced gastric allergen digestion on the sensitization 
process (Pali-Schöll et al., 2010). According to our results 
concerning the proteolytic resistance of nAra h 8 and the 
investigations of Pali-Schöll et al. (2010), the role of the Ara 
h 8 stability in the sensitization process of peanut allergy 
may be considered as an important one: via the inhalant 
and/or the gastrointestinal sensitization route.

Our findings also demonstrate that class II food aller-
gens that are usually associated with mild clinical symp-
toms can be stabilized by association with lipophilic 
ligands. However, greater structural effects are observed 
after roasting, when Maillard reactions and lipid oxida-
tions have taken place.

We hypothesize that lipophilic association is also pos-
sible for other Bet v 1-homologous proteins in food with 
high lipid content, such as hazelnut and almond. This 
raises the question, whether such interactions in general 
might enhance allergic reactions, thus confirming a direct 
influence of the molecular structure on the allergenicity.

The specific interaction of nAra h 8 with lipids is also 
an interesting result in the context of a transcutaneous sen-
sitization route for peanut allergens. Because we isolated 
the allergen from the lipid phase of peanut extracts and 
confirmed a nAra h 8-lipophilic association, it seems very 
unlikely that commercial peanut oil preparations are free 
from Ara h 8. With regard to other lipid-associated aller-
gens, e.g., Ara h 9 (lipid transfer protein) or Ara h 10 and 
Ara h 11 (oleosins), it is possible that peanut oil-containing 
ointments could contain those allergens. Therefore, the 
investigation of further allergen-lipid associations is man-
datory for future studies to confirm sensitization routes and 
the influence of the molecular structure on allergenicity.

Materials and methods

Peanut extracts
Aqueous peanut extraction was performed as described previously 
(Boldt et al., 2005) with modifications. Briefly, roasted peanuts (‘See-
berger Riesen’; Seeberger, Ulm, Germany) were peeled and ground, 
and 5 g of peanut flour was dispersed in 40 ml of 0.1 m ammonium 
bicarbonate (pH 8) for 1 h at 25°C. After centrifugation (11000 g, 30 
min), the extract was separated on an SDS-PAGE gel (15% acryla-
mide) and Coomassie stained or used for immunoblotting.

Lipophilic peanut extraction was performed according to 
D’Andréa et al. (2007) with modifications. Peanut flour (5 g) was dis-
persed in 40  ml of 50 mm sodium carbonate buffer (pH 11) for 1  h 

at 25°C. Subsequently, chloroform/methanol (v/v = 5/4) was added, 
and the mixture was centrifuged (11000 g, 20 min, 4°C) to remove the 
solid material. Afterward, the organic solvent was removed from the 
aqueous phase by rotary evaporation (37°C, 15 min), and the extract 
was dialyzed with double-distilled water overnight at room tempera-
ture.

The roasting of peanuts was performed according to the descrip-
tion of the American Peanut Shellers Association (www.peanut-shel-
lers.org). Unroasted peanuts were incubated for 30 min at 150°C in a 
preheated oven. Extraction was performed as described above.

Allergens
nAra h 8 was obtained after the purification of the lipophilic extract 
from roasted and unroasted peanuts (‘Seeberger Riesen’; Seeberger) 
by FPLC. Hydrophobic interaction chromatography (Phenyl Sepha-
rose High Performance; GE Healthcare, Freiburg, Germany) was per-
formed directly after extraction using 1 m ammonium sulfate. nAra 
h 8 was eluted with double-distilled water and further purified by 
gel filtration (Superdex 75; GE Healthcare) using 200 mm ammonium 
hydrogen carbonate (pH 8) for 90 min with a flow rate of 0.5 ml/min.

rAra h 8 (Ara h 8.0201; EF436550 (Riecken et al., 2008) and Bet 
v 1a (X15877) were cloned into a pET23b vector (Novagen, Darmstadt, 
Germany), expressed as C-terminal His-tagged proteins in Escheri-
chia coli BL21 (DE3) and purified by immobilized metal affinity chro-
matography under native conditions with Ni-NTA agarose according 
to the manufacturer’s description (Qiagen, Venlo, Netherlands).

Natural Bet v 1 was isolated from birch pollen (Allergon, Ängel-
holm, Sweden) according to Ferreira et al. (1996) with some modifi-
cations. Five grams of birch pollen extract was diluted in 20 mm Tris 
(pH 8) for 30 min. After centrifugation and concentration by filtration 
(Amicon, exclusion limit, 10 kDa; Sigma-Aldrich, Taufkirchen, Ger-
many), the extract was separated from pigments on a Q-Sepharose 
column (GE Healthcare). The effluent contained Bet v 1 and was 
isolated using a C8 reverse phase column (HyperClone 5 μm MOS; 
Phenomenex, Darmstadt, Germany) with a gradient of 0.1% trifluoro-
acetic acid (TFA) in water (solvent A) and 0.1% TFA in 90% isopropa-
nol (solvent B) for 120 min. Collected fractions were tested for Bet v 1 
and were pooled accordingly.

Protein concentrations were determined from Coomassie-
stained gels by densitometry (ChemiDoc and Image Lab 4.1 software; 
Bio-Rad Laboratories GmbH, Munich, Germany).

Sera
Five peanut-allergic patients were included in this study after having 
given informed consent. All experienced allergic rhinoconjunctivitis 
due to birch pollen and showed symptoms after ingestion of peanuts. 
For details on the clinical phenotype, see Table 1. Specific serum IgE 
was determined by ImmunoCAP® [CAP-FEIA (fluorenzymeimmu-
noassay); Thermo Fisher Scientific, Freiburg, Germany]. The patients 
who knew to be allergic to peanut refused to have oral challenge 
tests with foods. The serum of a nonallergic, nonsensitized healthy 
individual was used as negative control. The study was approved by 
the respective local ethics committee from the University of Lübeck 
(approval numbers 10-126 and 12-220). After the peanut-allergic 
patients had been informed in writing about the aim of the study and 
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the purpose of the serum sample collection (patient’s information), 
each patient signed a written consent.

An anti-Gly m 4 antiserum raised in rabbits was proven to be 
cross-reactive with Ara h 8 (Riecken et al., 2008) and therefore used 
to detect the homologous Ara h 8 allergen in this article.

Immunohistochemistry
Immunohistochemistry was performed using formalin-fixed and 
paraffin-embedded samples from roasted and unroasted peanut ker-
nels. After deparaffinization of 1-μm sections, heat-induced antigen 
retrieval was performed by microwave treatment in 0.01 m sodium 
citrate buffer (pH 6.0) for 30 min. Endogenous peroxidase was 
blocked by incubation in 3% H2O2 for 10 min at ambient temperature. 
As primary antibody, we used rabbit anti-Gly m 4 antiserum diluted 
1:100 in antibody diluent (pH 7) containing 1% boric acid (Zytomed 
Systems, Berlin, Germany) and incubated for 60  min at room tem-
perature (Abdullah et  al., 2009). Negative controls were included 
under omission of the primary antibodies. Detection was performed 
using a horseradish peroxidase polymer system (Zytochem Plus HRP 
Polymer System; Zytomed Systems) diluted 1:2 in antibody diluent for 
20  min at ambient temperature with aminoethylcarbazole as chro-
mogen (5 min). Counterstaining was achieved by Mayer’s hemalum. 
The sections were covered and photographed using a Zeiss Axiostar 
plus microscope and a Leica DFC 320 camera. Images were processed 
using Fixfoto software (Koopmann, Wrestedt, Germany).

ANS binding assay
Investigations of the rAra h 8 structure to determine hydrophobic 
regions were performed using the fluorescent probe ANS (Sigma, St. 
Louis, MO, USA). The dye shows no fluorescence in polar environ-
ment but emits fluorescence signals when binding to the hydropho-
bic regions of proteins.

ANS was dissolved in 1  ml DMSO and diluted to 100  ml with 
double-distilled water to obtain a 1-mm stock solution. The experi-
ments were performed with modifications according to Mogensen 
et al. (2002) with 10 μm ANS and protein concentrations of 1–80 μm in  
50 mm phosphate buffer (pH 7) at 25°C. After 5 min of incubation in 
the dark, ANS fluorescence was measured using the fluorescence 
ELISA reader TECAN infinite M 200 (excitation, 380 nm; emission, 545 
nm) (Tecan Group AG, Männedorf, Switzerland). Experiments were 
performed in three independent sets. Lysozyme (Merck, Darmstadt, 
Germany) and nPhl p 6 (Petersen et al., 1995) served as hydrophilic 
controls for unspecific binding of ANS. According to Rajashankar 

et al. (2002), the 3D structure of Phl p 6 consists of four α-helices and 
does not form a hydrophobic pocket as found in the Bet v 1 molecule.

CD measurements
Samples were adjusted to a concentration of 10 μm. Far-UV CD spec-
tra (190–260 nm) were recorded in a 1-mm quartz cuvette on a Jasco 
J-715 A spectropolarimeter (Japan Spectroscopic Co., Tokyo, Japan) 
equipped with a temperature controller at 20°C. Prediction of second-
ary structure (α-helix and β-strand) was performed using the Dichro-
Calc and K2D3 programs (Louis-Jeune et al., 2012). To determine the 
changes in the secondary structure as a function of temperature (the 
melting temperature was determined as the main maximum of the 
differentiated curve dΘ/dT), the samples were heated by increasing 
the temperature linearly, starting from 40°C to 95°C, with a rate of 
60°C/h monitored at 210 nm.

SDS-PAGE and Western blotting
SDS-PAGE was performed according to Laemmli (1970) using the 
Peqlab system (Peqlab Biotechnologie GmbH, Erlangen, Germany) 
with 15% polyacrylamide gels. The gels were stained with 0.2% 
Coomassie Brilliant Blue G-250.

For immunoblot analysis, the separated proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Millipore, 
Schwalbach, Germany) by semi-dry blotting for 30 min at 0.8 mA/cm2,  
as described previously (Kyhse-Andersen, 1984). The membranes 
were blocked for 2 h with TTBS (100 mm Tris, 100 mm NaCl, 2.5 mm 
MgCl2, 0.05% v/v Tween 20, pH 7.4) containing 5% w/v nonfat dry 
milk. Primary antibodies were diluted in TTBS (rabbit anti-Gly m 4, 
1:50000) (Riecken et  al., 2008)] and patients’ sera (1:10) and incu-
bated overnight. Bound antibodies were detected by alkaline 
phosphatase-conjugated secondary antibodies, mouse anti-human 
IgE (Pharmingen, 1:1000) or goat anti-rabbit IgG (Jackson Immuno 
Research, West Grove, PA, USA; 1:5000) diluted in TTBS for 2 h. 
Immunostaining was performed using chromogen/substrate NBT/
BCIP (Blake et al., 1984). For protein staining on PVDF membranes, 
India ink (Winsor and Newton, London, UK) was applied at a dilution 
of 1:1000 in TTBS for 2 h (Hancock and Tsang, 1983).

2D PAGE blotting and protein sequencing
Two-dimensional electrophoresis was performed as previously 
described with slight modifications (Görg et  al., 2004). Briefly, 

Table 1 Clinical data of the Ara h 8-allergic patients.

Patient 
number

  Gender   Age 
(years)

 
 

CAP-FEIA (kU/l)  Symptoms

Bet v 1   Ara h 8

1  M   30    > 100    > 100  Itching of mouth and ears, swelling of throat after ingestion of fresh peanuts
2  F   34   20.4   17.5  Itching of throat, difficulties in breathing after ingestion of fresh peanuts
3  F   71   35.9   16.3  Oral allergy syndrome and seasonal rhinoconjunctivitis
4  F   36   72.0   10.6  Oral allergy syndrome and seasonal rhinoconjunctivitis
5  F   21   81.9   17.5  Oral allergy syndrome and seasonal rhinoconjunctivitis
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immobilized pH gradient strips (Novex IPG Zoom Strips; Invitrogen, 
Groningen, Netherlands) with a pH range of 3–10 were used for the 
separation in the first dimension (isoelectric focusing). Lipophilic 
peanut extract, 100 μg, was loaded onto the gel strips, and the sep-
aration was performed at 2  mA and 2  W with increasing voltage at  
200 V for 20 min, 450 V for 15 min, 750 V for 15 min, and 2000 V for 1 
h. SDS-PAGE was carried out at 200 V and 30 mA in the second dimen-
sion using gradient gels (Tris-Glycine ZOOM® gels, 4%–20%; Invitro-
gen). Molecular masses and pIs were determined by comparison with 
PageRuler Unstained Low Range Protein Ladder® (3.4–100  kDa) or 
Unstained Protein Molecular Weight Marker® (14–116  kDa) (Thermo 
Scientific) and IEF Marker 3–10, Liquid Mix (Serva, Heidelberg, 
Germany). Afterward, the gels were silver stained (Heukeshoven 
and Dernick, 1988). N-terminal microsequencing was performed as 
described (Petersen et al., 2006). Proteins were transferred by semi-dry 
blotting onto PVDF membrane using 10 mm N-cyclohexyl-3-aminopro-
panesulfonic acid with 10% methanol (pH 11.0) as transfer buffer. After 
washing the membrane with double-distilled water, it was stained by 
0.1% Coomassie (Serva) in 50% methanol, destained in 50% metha-
nol, and air-dried. Protein spots were excised, and protein sequenc-
ing was performed using a Procise protein sequencer with online PTH 
amino acid analyser (PE Biosystems, Weiterstadt, Germany).

Gastric and pancreatic digestion
Enzynorm f® (Nordmark, Uetersen, Germany) and Kreon 40.000® 
(Solvay, Hannover, Germany) solutions were prepared as described 

previously (Schimek et al., 2005) to simulate the natural conditions 
of digestion. Briefly, Enzynorm f® and Kreon® tablets were ground and 
dissolved in isotonic saline. The simulated digestion was performed at 
37°C with a protein/enzyme ratio of 10 μg Ara h 8:0.067 μg Enzynorm 
f® [equivalent to 0.000046 Ph.Eur.E (European Pharmacopoeia unit)] 
in dry extract from porcine stomach mucosa) at pH 2.0 for 2  h and 
with a protein/enzyme ratio of 10 μg Ara h 8:0.57 μg Kreon® (equiva-
lent to 0.002287 Ph.Eur.E) at pH 7.0 for 1 h. Additionally, aliquots were 
drawn at different time points. Enzymatic degradation was stopped 
by increasing the pH to 12 with 1 m NaOH. The samples were adjusted 
to pH 7 and desalted (protein desalting spin columns; Thermo Scien-
tific, Rockford, IL, USA) for SDS-PAGE and Coomassie staining.
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