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Background: Ara h 8 is hypothesized to be responsible for cross-reactivity between birch pollen and peanut.
Results: The Ara h 8 crystal structure is very similar to Bet v 1 from birch, and it has a similar ligand-binding function.
Conclusion: Ara h 8 is most likely responsible for cross-reactivity between birch pollen and peanut.
Significance: A structural and functional understanding of cross-reactivity between Bet v 1 and Ara h 8 was obtained.

The incidence of peanut allergy continues to rise in theUnited
States andEurope.Whereas exposure to themajor allergensAra
h 1, 2, 3, and 6 can cause fatal anaphylaxis, exposure to theminor
allergens usually does not. Ara h 8 is a minor allergen. Impor-
tantly, it is the minor food allergens that are thought to be
responsible for oral allergy syndrome (OAS), in which sensitiza-
tion to airborne allergens causes a Type 2 allergic reaction to
ingested foods. Furthermore, it is believed that similar protein
structure rather than a similar linear sequence is the cause of
OAS. Bet v 1 from birch pollen is a common sensitizing agent,
and OAS results when patients consume certain fruits, vegeta-
bles, tree nuts, and peanuts. Here, we report the three-dimen-
sional structure of Ara h 8, a Bet v 1 homolog. The overall fold is
very similar to that of Bet v 1, Api g 1 (celery), Gly m 4 (soy), and
Pru av 1 (cherry). Ara h 8 binds the isoflavones quercetin and
apigenin as well as resveratrol avidly.

Peanuts are high in protein and oil content. Accordingly,
they are consumedwidely around theworld. Unfortunately, the
protein components can be potent allergens with fatal anaphy-
laxis as a possible result of consumption. Unlike other food
allergies, allergy to peanuts usually persists into adulthood. In
the United States and Europe, peanut allergy affects 1–2% of
adults (1).
Thirteen proteins have been identified as allergens in pea-

nuts. Ara h 1, 2, 3, and 6 are consideredmajor allergens because
they are recognized by the IgE of a majority of allergic patients.
Ara h 5, 7, 8, 9, 10, 11, and 12/13 are consideredminor allergens
and are not thought to be the causative agents in most of the
life-threatening allergic reactions (anaphylaxis). Ara h 8 has
been shown to have cross-reactivity with IgE antibodies to Bet v

1 from birch pollen and may be the cause of oral allergy syn-
drome (OAS)4 in birch allergic patients (2, 3).
OAS is an allergic phenomenon in which a person allergic to

tree pollen consumes food and has a reaction primarily in the
oral cavity (4). This has been described at length, with various
fruits and vegetables inducing the symptoms. For someof these,
the protein responsible has been identified. The structure of Bet
v 1 has been determined and is unusual because it does not have
a globular, hydrophobic core (5). Rather, a curved, seven-
stranded �-sheet with a long �-helix lying across it comprises
the protein fold. Several of the proteins from food that cause
OAS have also had their structures determined, and in each
case the structures are highly similar to Bet v 1; however, the pri-
mary amino acid sequences are very different (6–10). The Bet v
1-like superfamily of proteins includes a class of proteins called
PR-10, for pathogenesis-related class 10. Among these proteins,
Ara h 8 has the lowest sequence identity to Bet v 1 (48%).
In efforts to identify a function for Bet v 1, two theories have

emerged. Therewere early reports that it has RNase activity (11,
12). Since then, several other related proteins have been shown
to possess RNase activity, including birch PR-10c (13) and lupin
LaPR-10 (14). The Bet v 1 family of proteins is homologous to
the START domain of the human MLN64 protein that binds
steroids (15). Bet v 1 and its homologs fromvarious species have
been shown to bind small hydrophobic compounds. Mogensen
et al. (16) showed that flavonoids, cytokinins, and fatty acids
bind to Bet v 1. PR-10c from birch is related to Bet v 1 and binds
a variety of biologically important ligands (17). Recently, the
structures of different isoforms of Bet v 1 in complex with
deoxycholate, naringenin, kinetin, NDSB-256, or the molten
globule probe 8-anilino-1-napthalenesulfonic acid (ANS)
were determined (PDB codes 4A83, 4A87, 4A85, 4A8G, and
4A80, respectively) (18, 19). Additionally, Fernandes et al.
(20) reported a co-crystal structure of LIPR-102B from Lupinus
luteus (yellow lupine) with three zeatin molecules bound. A
structurally similar protein, VrCSBP from Vigna radiata
(mung bean) was also found to bind zeatin (PDB code 2FLH)
(21).
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Based on these reports, we decided to initiate the structural
and functional characterization of Ara h 8. The structure was
determined using x-ray crystallography and refined to 1.6 Å.
PurifiedAra h 8was found to bindANS, some isoflavones, some
fatty acids, and resveratrol. These findings are reported here.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—The sequence of Ara
h 8 was taken from Mittag et al. (2) (accession number
AY328088.1), back-translated into DNA sequence, and opti-
mized for expression in Escherichia coli using programs from
the Lasergene software suite (DNASTAR,Madison,WI). Short
extensions were added to the coding region to facilitate cloning
into pET9a that included a NdeI site overlapping the start
codon and a BamHI site downstream of the stop codon. This
sequence was synthesized and cloned into pUC57 by EZBiolab
(Carmel, IN). The synthetic insert was cloned into pET9a as a
NdeI/BamHI fragment generating pET-A8.
pET-A8 was transformed into BL21(DE3) E. coli cells. Cells

were grown in Luria-Bertani broth (LB) at 37 °C to an optical
density (600 nm) of 0.5 and then induced with isopropyl �-D-1-
thiogalactopyranoside to a final concentration of 1mM. Follow-
ing induction, the cells were incubated overnight with shaking
at 20 °C. Cells were harvested by centrifugation for 10 min at
11,000 � g and 4 °C and stored at �20 °C. Protein was then
purified in one of two ways. In protocol 1, cells were resus-
pended in 5 ml of Q-column buffer (QCB; 50 mM Tris-Cl, pH
8.3, 1 mM EDTA, 50 mM NaCl) supplemented with 1 mM DTT
and 1 mM PMSF per g of wet weight cells. Once the cells were
resuspended, 200 �l of lysozyme (50 mg/ml) was added. Ultra-
soundwas used to reduce the viscosity, and the crude lysate was
cleared by centrifugation for 15min at 32,000� g and 4 °C. The
supernatant was passed through a 50-ml High-Q column
(Macro Prep, Bio-Rad). The unbound material plus a 25-ml
wash were pooled and brought to 60% saturation with ammo-
nium sulfate. Following a 30-min incubation, the solution was
cleared by centrifugation at 32,000� g and 4 °C for 15min. The
supernatant was loaded onto a 50-ml tertiary butyl column
(Bio-Rad) and washed with QCB plus 60% ammonium sulfate
until the absorbance of the eluate at 280 nm was 0. Protein was
eluted with a linear gradient from 60 to 0% ammonium sulfate
in QCB. Following the tertiary butyl column, protein was
passed through a Superdex 200 column attached to an ÅKTA
FPLC gel filtration system (GE Healthcare) in a buffer contain-
ing 10 mM Tris-HCl, pH 7.5, and 150 mM NaCl. Subsequently,
fractions containing the protein were pooled and concentrated
to 15 mg/ml.
In protocol 2, cells were resuspended in 5 ml of QCB supple-

mented with 1 mM DTT and 1 mM PMSF per g of wet weight
cells. Once the cells were resuspended, 200 �l of lysozyme (50
mg/ml)was added.Ultrasoundwas used to reduce the viscosity,
and the crude lysate was cleared by centrifugation for 15min at
32,000 � g and 4 °C. The supernatant was heated to 70 °C in a
water bath, held at that temperature for 10 min, and then
chilled in an ice-water bath. Insoluble material was cleared by
centrifugation at 32,000 � g and 4 °C for 15 min. The superna-
tant was passed through a 50-ml High-Q column (Macro Prep,
Bio-Rad). The unboundmaterial plus a 25-mlwashwere pooled

and brought to 60% saturationwith ammonium sulfate. Follow-
ing a 30-min incubation, the solution was cleared by centrifu-
gation at 32,000 � g and 4 °C for 15 min. The supernatant was
loaded onto a 50-ml tertiary butyl column (Bio-Rad) and
washed with QCB plus 60% ammonium sulfate until the
absorbance of the eluate at 280 nm was 0. Protein was eluted
with a linear gradient from60 to 0% ammonium sulfate inQCB.
Following elution, fractions containing protein were pooled
and concentrated to 11 mg/ml.
In both protocols, pooled fractions were used for crystalliza-

tion and ligand binding studies. The concentration of Ara h 8
was determined spectroscopically at 280 nm using an extinc-
tion coefficient of 10,430 M�1.
Crystallization, Data Collection, and Processing—Crystalli-

zation experiments were performed at 293 K using the hang-
ing drop vapor diffusion method and NeXtal plates (Qiagen,
Chatsworth, CA). A solution of recombinant protein (11–15
mg/ml) wasmixed with well solution (20% (w/v) PEG 3350, 200
mM magnesium formate for the apo-structure; 0.1 M MES, pH
6.5, 25% (w/v) PEG 2000 methyl ether for the MES-bound
structure; 0.1 M Tris-HCl, pH 8.5, 0.2 M lithium sulfate, 30%
(w/v) PEG 4000 for the epicatechin-bound Ara h 8; or 0.1 M

Tris, pH 8.0, 0.2 M lithium sulfate, 30% (w/v) PEG 4000 for the
protein purified with the additional heating step) in a 1:1 ratio.
Crystals were cryoprotected with well solution and cooled in
liquid N2. Soaking experiments were performed with epicat-
echin, where ligand was added in form of a powder to the drop
containing the crystal. Data were collected from single crystals at
100Kat theSBC19-IDandSBC19-BMbeamline at theAdvanced
Photon Source,ArgonneNational Laboratory (Argonne, IL).Data
were processed with the HKL-2000 software package (22). Data
collection statistics are reported in Table 1.
Structure Determination and Refinement—The apo Ara h 8

structure was solved by molecular replacement using patho-
genesis-related protein LLPR10.1B from yellow lupine (PDB
code 1IFV) as a start model. TheMES-bound structure, epicat-
echin-bound structure, and heated protein structures were
determined using molecular replacement with the apo Ara h 8
structure, reported here, as a start model. Molecular replace-
ment was performed with HKL-3000 (23) integrated with
MOLREP (24) and selected programs from the CCP4 package
(25). Models were rebuilt using COOT (26) and refined with
REFMAC (27). TLS was used in the final stages of refinement,
andTLS groupswere determined using theTLSMDserver (28).
MOLPROBITY (29) and ADIT (30) were used for structure
validation. Metal binding sites were validated using the Check-
MyMetal server.5 Refinement statistics are summarized in
Table 1.
Ligand Binding-Fluorescence Assay—Ara h 8 was tested for

ligand binding by displacement of fluorescentANS as described
by Mogensen et al. (16). Briefly, ANS was dissolved in 1 ml of
DMSO and diluted to 100 ml with MilliQ water, and its con-
centration was determined spectrophotometrically, using an
extinction coefficient of 4990 M�1 at 350 nm. Fluorescence

5 Zheng, H., Chordia, M. D., Cooper, D. R., Chruszcz, M., Müller, P., Sheldrick,
G. M., and Minor, W. (2014) Validation of metal-binding sites in macromol-
ecule structures with the CheckMyMetal web server. Nat. Protoc., in press.
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experiments were performed on a Shimadzu RF-5301 PC spec-
trophotometer. Base-line fluorescence of the initial sample (2.5
ml) of ANS diluted to 40�M in 50mMphosphate buffer, pH 7.4,
wasmeasured by excitation at 350 nmand then recording emis-
sion from 370 to 600 nm. Recombinant purified Ara h 8 was
added stepwise to a final concentration of 40 �M, and fluores-
cence was measured as before. For ligand binding experiments,
potential Ara h 8 ligands were dissolved in an appropriate sol-
vent (water, ethanol, or DMSO) to a concentration of 10 mM

and added to theAra h 8-ANS solution in increments (generally
from 10 to 60 �M or from 50 to 300 �M, depending on the
change in signal observed), and fluorescencewas recorded after
each addition. An appropriate volume of ANS andAra h 8 were
added as ligand concentration increased to maintain a concen-
tration of 40 �M for each compound. To ensure that the ligand
solvent did not have a denaturing effect on Ara h 8, titrations
were performed with ethanol and DMSO alone (data not
shown). The potential ligands chosen for testing were a combi-
nation of physiologically relevant (e.g. resveratrol, epicatechin,
and apigenin) and irrelevant compounds (e.g.Good’s biological
buffers: MOPS, MES, PIPES, HEPES, and CAPS). The latter
were included because a MES molecule was observed in the
hydrophobic pocket in one of the early structures. For the data
presented in Fig. 6E, resveratrol was substituted for ANS, and
the assay was performed as described above. The fluorescence
intensity was plotted against wavelength in Origin (Microcal,
Northampton, MA). The height of the peak was designated as
maximal fluorescencesignal andwasusedtocalculate thepercent-
age increase or decrease of the signal compared with the peak
height from 40 �M ANS, 40 �M Ara h 8 alone. The percentage
change from at least two independent experiments was averaged.
Sequence Analysis—The Ara h 8 sequence was used as a

query in PSI-BLAST (31) searches of the non-redundant data-
base with the expectation value threshold for the retrieval of

related sequences set to 10�30. The sequences were clustered
using CD-HIT (32) with a 95% identity threshold; thus, the
sequences with 95% or above identity to the representative
sequences were removed. To identify and visualize subgroups
of closely related sequences, we used CLANS (cluster analysis of
sequences (33)). CLANS uses the p values of highly scoring seg-
ment pairs obtained from an N � N BLAST search to compute
attractive and repulsive forces between each sequence pair.
Other Computational Calculations—Binding cavity volume

was calculated with CASTp (34). The SSM algorithm (35) in
COOT was used to superpose protein models. All figures con-
taining protein structures were prepared with PyMOL (36).
The ConSurf server was used tomap sequence conservation on
the Ara h 8 structure (37).

RESULTS

Clustering Analysis of the Closest Ara h 8 Homologs—Se-
quences of the closest Ara h 8 homologs were clustered based
on their pair-wise BLAST similarity scores using CLANS (33).
Because the sequences were selected on a very restrictive
threshold of 10�30, they all show high similarity (Fig. 1). Cluster
1 is composed of sequences of proteins from eudicots, most of
which include known allergens. Cluster 2 is composed of
sequences of proteins from gymnosperms: mainly from Pinus
and Picea species and pathogenesis-related protein PsemI from
Pseudotsuga menziesii but also one uncharacterized sequence
from Populus trichocarpa (other sequences form P. trichocarpa
grouped in cluster 1). Cluster 3 comprises proteins of different
species of monocots, including Lolium, Zea, Triticum, Oryza,
and others.
Structural Analysis of Ara h 8—TheAra h 8molecule is com-

posed of 157 residues (residues 2–157 are visible in the electron
density map) that are arranged by three �-helices that flank the
seven-stranded anti-parallel�-sheet (Fig. 2A). Located between

TABLE 1
Crystallographic data and refinement statistics for Ara h 8
Values in parenthesis refer to the highest resolution shell. AU, asymmetric unit.

PDB 4M9B (apo) PDB 4M9W (MES) PDB 4MA6 (epicatechin) PDB 4MAP (heated)

Data collection
Wavelength (Å) 0.98 0.98 0.98 0.98
Unit cell (Å) a � 40.9, b � 88.0,

c � 42.9
a � 40.2, b � 87.5,

c � 42.3
a � 40.6, b � 89.0,

c � 42.7
a � 40.9, b � 87.1,

c � 42.9
Unit cell (degrees) � � � � 90, � � 96.8 � � � � 90, � � 95.8 � � � � 90, � � 96.6 � � � � 90, � � 96.7
Space group P21 P21 P21 P21
Solvent content (%) 45 45 43 45
Protein chains in AU 2 2 2 2
Resolution range (Å) 50.0–1.60 50.0–1.95 50.0–2.0 50.0–1.90
Highest resolution shell (Å) 1.63-1.60 1.98-1.95 2.03-2.00 1.93-1.90
Unique reflections 39,702 (1979) 21,429 (1081) 20,539 (1049) 23,735 (1192)
Redundancy 3.7 (3.7) 4.1 (3.9) 4.1 (3.7) 3.1 (3.0)
Completeness (%) 99.7 (99.9) 100 (99.6) 99.9 (99.0) 99.6 (99.8)
Rmerge (%) 0.045 (0.691) 0.052 (0.364) 0.050 (0.566) 0.048 (0.360)
Average I/�(I) 38.1 (2.3) 35.9 (2.9) 25.0 (2.3) 29.4 (2.8)

Refinement
R (%) 18.0 20.5 19.2 19.7
Rfree (%) 22.2 24.8 24.8 25.2
Mean B value (Å2) 30.7 42.9 37.7 36.0
B fromWilson plot (Å2) 25.5 33.4 30.7 27.6
Root mean square deviation bond lengths (Å) 0.02 0.02 0.02 0.02
Root mean square deviation bond angles (degrees) 2.1 1.8 1.9 1.9
No. of amino acid residues 312 312 312 312
No. of water molecules 351 137 155 209
Ramachandran plot
Most favored regions (%) 94.2 93.4 93.4 93.8
Additional allowed regions (%) 5.0 6.6 6.2 5.4
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the �1 and �2 strands are the two shorter helices (�1 and �2),
whereas the longest helix (�3) is located at theC terminus of the
protein. Ara h 8 has an overall fold very similar to Bet v 1 despite

a sequence identity of 48%. When superposed, the root mean
square deviation (RMSD) value between Ara h 8 and Bet v 1 is
1.7 Å over 146 aligned C� atoms (Fig. 2B). Protein purified by

FIGURE 1. Two-dimensional projection of the CLANS clustering results. Proteins are indicated by dots. Lines indicate sequence similarity detectable with
BLAST and are colored by a spectrum of shades of gray according to the BLAST p value (black, p � 10 –200; light gray, p � 10 –35). Sequences of known allergens
are indicated by dark blue dots. 1–3, clusters 1–3.

FIGURE 2. A, overall three-dimensional structure of Ara h 8 at three positions showing the backbone folding pattern with secondary structural elements. Ara h
8, like Bet v 1, has three �-helices flanking the seven-stranded �-sheet. B, superposition of Ara h 8 (shown in brown) and Bet v 1 (shown in blue). The ligand, ANS,
is shown in atom type colors and is bound to Bet v 1 (PDB code 4A80). The overall fold of the two allergens is very similar, with three �-helices and seven
�-strands, a root mean square deviation value of 1.7Å, and a sequence identity of 48%.
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both protocols crystallized in a few different crystallization
conditions, all of which resulted in crystals of the same form
with similar conformations. The C� atoms of the MES-bound
structure, epicatechin, or heated protein structure superposed
on the apo-structure have RMSD values of 0.2, 0.4, or 0.1 Å,
respectively, over 150 alignedC� atoms. The largest differences
between the apo-structure and the MES-bound structure are
found in�3 (residues 133–149) at theC terminus of the protein,
whereas the largest change between the apo-structure and the
epicatechin-bound structure is at the turn connecting �5 and
�6. It is apparent that the changes are due to the binding of the
ligands. There are no significant differences between the struc-
tures of the apoprotein and the protein that was purified with
heating. The central part of the Ara h 8 molecule contains a
large cavity with an approximate volume of 1240 Å3. This bind-
ing cavity is slightly smaller than that of Bet v 1 but significantly
larger than Act d 11, a member of the Bet v 1 superfamily (38).
Similar to that of Bet v 1 and Bet v 1 homologs, the walls of the
cavity are composed of both �-helical and �-sheet parts of the
protein (Fig. 3). The pocket is composed of 30 residues, six of
which are charged.
In addition, Ara h 8 structures revealed the presence of a

metal-binding site, which is formed by residues connecting
helix �2 and strand �2. The metal was identified as sodium,
which is consistent with previous structural studies of PR-10 pro-
teins (39).Forexample, anobservedNa�bindingsiteoverlapsvery
well with one of the sodium binding sites found in L1PR-10.2B
(PDB code 3E85) originating from yellow lupine (40).
DALI (41) identified a pathogenesis-related protein, LLPR10.1B,

from L. luteus (PDB code 1IFV, RMSD value 1.2 Å over 148
alignedC� atoms); a pathogenesis-related protein, SPE16, from
Pachyrhizus erosus (PDB codes 1TW0and 1TXC;RMSDvalues
of 1.3 Å over 151 or 149 aligned C� atoms, respectively); and a

pathogenesis-related protein, LLPR10.1A, from L. luteus (PDB
code 1ICX, RMSD value 1.7 Å over 149 aligned C� atoms) as
having the most similar structures to Ara h 8. These three pro-
teins are followed by Bet v 1 (PDB codes 4A88, 4A87, 1QMR,
4A85, 1BV1 and 4A80; RMSD values 1.6–1.8 Å over 146
aligned C� atoms). Other PR-10-related allergens with deter-
mined structures (Api g 1, Dau c 1, Fra a 1, Gly m 4, and Pru av
1) also show high structural and significant sequence similari-
ties to Ara h 8. Pru av 1 (PDB code 1H2O), Api g 1 (PDB code
2BK0), and Dau c 1 (PDB code 2W0L) superpose with Ara h 8
with lower RMSD values (1.8–1.9 Å over 150, 143, or 142
aligned C� atoms, respectively) than Gly m 4 (PDB code 2K7H;
RMSD2.1 Å over 152 alignedC� atoms) and Fra a 1 (PDB code:
2LPX; RMSD 2.2 Å over 141 aligned C� atoms). The most sig-
nificant structural differences between Bet v 1, Bet v 1
homologs (Api g 1, Dau c 1, Fra a 1, and Pru av 1), and Ara h 8
are related to the conformation of �3, �4, and the loop that
connects them. In the case of Ara h 8, themain chain of the loop
that connects�3 and�4 is rotated out toward the surface of the
protein, whereas the loop in Bet v 1 andBet v 1-related allergens
is rotated toward �3. This loop region, however, is consistent
between Ara h 8 and Gly m 4 despite the higher RMSD value
(2.1 Å) (Fig. 4). Furthermore, a BLAST search with the Ara h 8
sequence against the Protein Data Bank identifies Gly m 4, the
soybean allergen (PDB code 2K7H), as the most similar protein
to Ara h 8 in terms of sequence with 68% sequence identity and
84% sequence similarity. The largest structural differences
between the two correspond to helix �2 and strand �2 of Ara h
8. In Ara h 8, the main chain of this region is rotated toward
helix�3, whereasGlym4has this region rotated out toward the
protein surface.
Act d 11 is an allergen that is immunologically associated

with Bet v 1-like allergens but is not a PR-10 protein (38). It is a

FIGURE 3. Cavities in Ara h 8. Residues that form the large central cavity are shown as sticks in brown. The cavities are shown as a surface in gray.

FIGURE 4. Superposition of Ara h 8 (shown in brown) and Gly m 4 (shown in green). Despite the largest RMSD value when superposed, BLAST identified Gly
m 4, the soybean allergen, (PDB code 2K7H) as the most similar protein to Ara h 8 in terms of sequence with 68% sequence identity and 84% sequence similarity.
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kiwifruit allergen that belongs to themajor latex protein/ripen-
ing-related protein family (MLP/RRP). The PR-10 family and
MLP/RRP family both belong to the Bet v 1 superfamily despite
low sequence identity (�25%) between the two protein families
(42). D’Avino et al. (43) were able to show that Act d 11 is able
to inhibit the binding of IgE to Bet v 1, Cor a 1, Dau c 1, andMal
d 1. These results indicate that these allergens, despite being
from separate protein families, share some epitopes (43). Cur-
rently, there are seven protein structures of Act d 11 deposited
in the PDB (PDB entries 4IGV, 4IGW, 4IGX, 4IGY, 4IH0, 4IH2,
and 4IHR). These seven structures superposed on apo-Ara h 8
have RMSD values between 2.2 and 2.5 Å over 123 aligned C�
atoms and have a sequence identity of only about 16%. The
largest structural differences between apoAra h 8 and theAct d
11 structures correspond to the regions that connect the
�-sheets and �-helices. The loop that connects �3 to �4, �5 to
�6, �6 to �7, and �7 to �3 have the largest degree of variation
from Ara h 8. All forms of Act d 11 appear to be more compact
than Ara h 8. The previouslymentioned varying loop regions of
Ara h 8 are all found “flipped out” toward the surface of the
protein, whereas these regions of Act d 11 are all “flipped in”
toward the core of the protein.
Structure of Ara h 8 Complexes—The structure of Ara h 8 in

complex with theMESmolecule was determined to 1.95 Å res-
olution. Despite Ara h 8 crystallizing with two molecules per
asymmetric unit cell, electron density reveals that MES (which
is present at 100 mM in the crystallization medium) is bound
only in subunit B with full occupancy. It is stabilized within the
binding pocket through various hydrogen bonding interac-
tions. The oxygen atom of the MES ring moiety is coordinated
to a water molecule, whereas the oxygen atoms of the phos-
phate tail are coordinated to Lys53, Tyr80, and His68. The Ara h
8-epicatechin structure was determined to 2.0 Å resolution.
Similar to theMES-bound structure, epicatechin is only bound
in one subunit; however, epicatechin is only bound in subunit A

with full occupancy. It is stabilized within the pocket through
several hydrogen bonding interactions as well as a few nonco-
valent interactions. The dihydroxyphenylmoiety of epicatechin
hydrogen bonds to the side chain of Thr30 as well as to two
waters that act as bridges to the side chains of His68 and Asp27.
The fused rings of epicatechin coordinate to another water that
acts as a bridge to His68, whereas the hydroxyl groups
strengthen the stabilization of epicatechin by hydrogen bond-
ing to the side chain hydroxyl group of Tyr82, to the backbone
oxygen of Lys138, and to a bridging water molecule. Noncova-
lent interactions may be taking place from the side chains of
Lys138, Ile57, and Leu142 to epicatechin, helping to further sta-
bilize the ligand within the binding pocket.
Although MES and epicatechin are bound in different sub-

units, when superposed, it is apparent that they bind in different
positions within the same pocket. Furthermore, when super-
posed with the Bet v 1 structure (PDB entry 4A80), an addi-
tional position within the pocket is revealed. Fig. 5A shows the
superposition of Ara h 8-MES, Ara h 8-epicatechin, and Bet v
1-ANS. This superposition reveals the possibility of ligands
being able to bind in three different positions within the same
pocket. Moreover, it is also possible that more than one ligand
may be able to bind simultaneously (Fig. 5B).
Ligand Binding—Based on various reports that Bet v 1 and its

homologs bind small molecules (17, 18, 20, 21), we tested Ara h
8 for a similar function. ANS has long been known to fluoresce
when bound to hydrophobic surfaces on proteins (44).We sur-
veyed an array of potential physiologically relevant ligands, as
well as some others. Fig. 6A shows representative data for a
ligand, quercetin, which binds and displaces ANS. ANS (40�M)
in buffer without protein very weakly fluoresces with an emis-
sion maximum around 515 nm. Titration of this mixture with
Ara h 8 (20, 30, and 40 �M) shows stepwise, dramatic increases
in fluorescence and a shift in emission maximum to 475 nm.
Subsequent titration of the equimolar ANS/Ara h 8mixture (40

FIGURE 5. Cavities in Ara h 8. Shown is the main cavity, which is assumed to be the binding pocket of Ara h 8 with MES (shown in red), epicatechin (shown in
dark green), and ANS (shown in blue) from Bet v 1 (PDB code 4A80). The pocket is large enough to allow for ligands to bind in three different positions.
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�M) with quercetin (10–100 �M) shows a strong inhibition of
the fluorescence, indicating competitive displacement of ANS
from the hydrophobic pocket of Ara h 8. Representative data of
a compound (daidzein) that had the effect of increasing the
ANS fluorescence are shown in Fig. 6B. The characteristic,
stepwise increase in ANS fluorescence was observed upon the
addition of increasing concentrations of Ara h 8 to 40 �MANS.
Surprisingly, when daidzein was titrated in (20–300 �M), fluo-
rescence increased. We interpret this phenomenon to indicate
that daidzein does bind in the hydrophobic pocket but does not
displace ANS. This phenomenonwas observedwith Bet v 1 and
was thought to be due to increasing the quantum yield of the
boundANS (16). Fig. 6C shows a compilation of the data for the
compounds that affected the fluorescence of ANS. Apigenin
and quercetin had the strongest displacement activity, whereas
genistein, myristic acid, caffeic acid, and zeatin had weaker dis-
placement activity. Daidzein and arachidic acid had the strong-
est enhancement activity, whereas progesterone and stigmas-
terol were weaker. Resveratrol was also tested in this assay, but
it fluoresced on its own. Fig. 6D shows data from an attempted
competition assay of ANS with resveratrol. It is clear that res-
veratrol displaced ANS because the ANS-specific fluorescence
decreased, and the resveratrol fluorescence showed strongly
with an absorbance maximum shift to 380 nm. Fig. 6E shows
data for a titration of 50 �M resveratrol with Ara h 8. The com-
pound by itself fluoresced weakly with a maximum around 400
nm. The addition of Ara h 8 caused a blue shift similar to ANS
and an increase in fluorescence indicating direct binding of res-
veratrol to the protein. The resveratrol binding site was tested
with quercetin, which competed with ANS binding in the
hydrophobic pocket. As seen in Fig. 6E, quercetin also com-
petedwith resveratrol binding, indicating that resveratrol binds
to the same place as ANS. The structures of the compounds
that bound are shown in Fig. 7A. Fig. 7B is a list of the other
compounds that were tested but had no effect. Good’s buffers
were used because a MES molecule was observed in one of the
early structures.

DISCUSSION

Oral allergy syndrome is defined as an IgE-mediated, imme-
diate allergic reaction that is confined to the oral mucosa.
Symptomsmay include vascular edema, stinging, and itching
of the tongue, palate, lips, and pharynx. These symptoms
manifest when a patient who is allergic to pollen consumes a
specific food, usually a member of the Rosaceae family.
Although more distantly related, legumes (soy, mungbean, and
peanut) have been reported to have cross-reactivity in pollen-
allergic patients (2, 45, 46). The proteins that are responsible for
OAS have been labeled panallergens (47). Panallergens are
thought to be involved in vital cellular processes and accord-

ingly have similar structures although the species may be quite
distant evolutionarily (47). Fig. 8 shows a surface representation
of the Ara h 8 molecule, indicating conservation among Ara h
8-related protein sequences as well as a sequence alignment
indicating identical residues and those residues conserved
among PR-10 allergens that have available structures in the
PDB. It was demonstrated that the Bet v 1 dominant IgE-bind-
ing epitope includes Glu45 (48). This residue not only is con-
served in Ara h 8 (Glu44), but it also starts the longest stretch of
residues (Glu44–Lys54 according to Ara h 8 numbering) that is

FIGURE 6. Ligand binding by Ara h 8. A, titration of 40 �M ANS (black) with Ara h 8: 20 �M (red), 30 �M (green), and 40 �M (blue). Also shown is titration of 40 �M

ANS, 40 �M Ara h 8 with quercetin: 10 �M (cyan), 20 �M (pink), 30 �M (yellow), 40 �M (olive), 50 �M (navy), and 100 �M (purple). B, titration of 40 �M ANS (black)
with Ara h 8: 20 �M (red), 30 �M (green), and 40 �M (blue). Titration of 40 �M ANS, 40 �M Ara h 8 with daidzein: 20 �M (cyan), 40 �M (pink), 60 �M (yellow), 100 �M

(olive), 200 �M (navy), and 300 �M (purple). C, compilation of fluorescence data. 100% was the value of fluorescence for 40 �M ANS, 40 �M Ara h 8. The values for
increases or decreases in fluorescence for each concentration of ligand are shown relative to the 100% value. Shown are progesterone (black), myristic acid
(red), arachidic acid (green), caffeic acid (blue), quercetin (cyan), genistein (pink), daidzein (yellow), apigenin (olive), stigmasterol (navy), and zeatin (purple). D,
titration of 40 �M ANS (black) with Ara h 8: 20 �M (orange), 30 �M (green), and 40 �M (blue). Shown is titration of 40 �M ANS, 40 �M Ara h 8 with resveratrol 50 �M

(pink) and 100 �M (cyan). E, fluorescence of resveratrol. Shown is titration of 50 �M resveratrol (cyan) with Ara h 8: 10 �M (red) and 20 �M (green). Also shown is
titration of 50 �M resveratrol, 20 �M Ara h 8 with 10 �M quercetin (dark blue) and 20 �M quercetin (light blue).

FIGURE 7. Ligands tested in fluorescence assays. A, ligand names and struc-
tures of compounds that bound Ara h 8 and affected ANS fluorescence. B,
compound names that were tested but did not affect ANS fluorescence.
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identical in both these allergens. This region corresponds to the
so-called “P-loop,” the highly conserved region that is charac-
teristic of the allergenic PR-10 proteins (37). This region was
already shown to be involved in cross-reactivity between Bet v 1
and its homologs (49, 50). There are two other longer regions of
the sequence that are common to Bet v 1 and Ara h 8. These
include Tyr80–Val84, which is only partially exposed, and
Lys118–Asp124. The second of these regions together with con-
served fragmentGly2-Phe3 and residues Thr93, Glu95, and Lys96
form a large solvent-exposed patch on the allergen’s surface
that also may play a role in cross-reactivity between Bet v 1 and
Ara h 8. The presence of these large conserved regions may
explain why Ara h 8 is the main cross-reactive allergen for
patients that have combined birch pollen and peanut allergy (2,
51, 52). In addition, residues Thr11, Ser12, Glu140, Arg144,
Glu147, Leu151, and Ala152, which are conserved in both Ara h 8
and Bet v 1, form a relatively large, solvent-exposed patch on
the surface of these allergens. Some of these residueswere iden-
tified as part of the IgE epitope, with Glu147 (Ara h 8 number-
ing) being the most critical (53).
The Bet v 1-like proteins represent a class of proteins called

PR-10 (for pathogenesis-related class 10, whose expression
increases in response to pathogen attack (39). The function of
the Bet v 1 family of proteins has been investigated. Initially,
there were reports of RNase activity (11, 12). Since then, several

other related proteins have been shown to possess RNase activ-
ity, including birch PR-10c (13) and lupin LaPR-10 (14). We
tested our recombinant Ara h 8 for RNase activity and found
none (data not shown). Some PR-10 proteins have been shown
to be up-regulated in response to microbial invasion and have
antimicrobial activity (reviewed in Ref. 39). Ara h 8 showed no
growth inhibition activity against various Gram-negative and
positive bacteria, S. cerevisiae and A. flavus (data not shown).
The Bet v 1 family of proteins is structurally homologous to

the START domain of the humanMLN64 protein (15) that has
been shown to bind one molecule of cholesterol (54). Bet v 1
and its homologs from various species have been shown to
bind small hydrophobic compounds (reviewed in Ref. 39).
Mogensen et al. (16) showed that flavonoids, cytokinins, and
fatty acids bind to Bet v 1. PR-10c from birch is related to Bet v
1 and binds a variety of biologically important ligands (17).
Recently, the structures of different isoforms of Bet v 1 in com-
plex with deoxycholate, naringenin, kinetin, NDSB-256, or the
molten globule probe ANSwere determined (PDB codes 4A83,
4A87, 4A85, 4A8G, and 4A80, respectively) (18, 19). Addition-
ally, Fernandes et al. reported a co-crystal structure of LIPR-
102B from L. luteus (yellow lupine) with three zeatinmolecules
bound (20). A structurally similar protein, VrCSBP from
V. radiata (mung bean), was also found to bind zeatin (PDB
code 2FLH) (21). Our structural results show details of Ara h

FIGURE 8. A, surface representation of Ara h 8 showing conserved residues derived from an alignment of 500 Ara h 8-related protein sequences. The most
conserved residues are shown in blue, whereas the most variable residues are shown in red. B, multiple-sequence alignment of Ara h 8. The most conserved
residues are highlighted in blue, and their position is indicated on the structures above. Residues highlighted in cyan are conserved among PR-10 allergens for
which there are available structures in the Protein Data Bank.
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8-epicatechin interactions, and it is the first structure of a
PR-10-related protein in complex with this flavonoid. Prior to
our studies, the Bet v 1-naringenin complex was the only one to
have its structure determined in complexwith a flavonoid (PDB
code 4A87), and it was the only structure demonstrating bind-
ing of flavonoid to a PR-10 protein. Superposition of Ara h
8-epicatechin andBet v 1-naringenin structures reveals that the
binding sites for these flavonoids are different and are located in
non-overlapping parts of the large ligand-binding cavities of
Ara h 8 and Bet v 1. Recently, it was also shown that Fra a 1
crystallized in the presence of (�)-catechin; however, a struc-
ture is not yet available (55).
All structures reported here have electron density for the

entire molecule with the exception of the start methionine in
both subunits. The overall fold of Ara h 8 is similar to Bet v 1,
which includes three �-helices that flank the seven-stranded
anti-parallel �-sheet. Reported here are four structures of
recombinant Ara h 8, two of which are native protein purified
by different methods (see “Experimental Procedures”) and two
with bound ligands (MES or epicatechin).When comparing the
all structures to the apo form of the protein, the RMSD values
are between 0.1 and 0.4 Å. There are no significant differences
between the structures of the apoprotein and the protein that
was purified with heating; however, the heated protein struc-
ture only contains one sodium atom, whereas all other struc-
tures contain two (one in each subunit). It demonstrates that
Ara h 8 has significant thermostability that may allow the aller-
gen to stay intact during food processing. The largest differ-
ences between the apo-structure and theMES-bound structure
are found in �3 at the C terminus of the protein, whereas the
largest change between the epicatechin-bound structure and
the apo-structure is at the turn connecting �5 and �6. It is
apparent that these changes are due to the ligands being bound.
Our observations provide additional evidence for significant
plasticity and unusual ligand binding properties of PR-10-re-
lated proteins that can be compared with the properties of
mammalian albumins.
We have shown here that ANS and several biologically rele-

vant compounds can bind toAra h 8. Themost avidly bound are
apigenin, quercetin, daidzein, resveratrol, and arachidic acid.
The first three of these are phytoestrogen flavonoids, which in
plants serve a number of functions, including but not limited to
UV protection, defense against microbial attack, and signaling
during development (reviewed in Refs. 56 and 57). The fact that
the PR-10 class of proteins and some flavonoids are up-regu-
lated in response to damage ormicrobial invasion suggests that
Ara h 8may serve as a delivery vector for flavonoids. Mogensen
et al. (58) showed that Bet v 1 can bind and permeabilize mem-
branes, suggesting a mechanism for delivery of bound mole-
cules from the cytoplasm to the extracellular space.
It is interesting to note that apigenin and daidzein had oppo-

site effects in the ANS assay because their structures are so
similar. The different substitution of the phenolic group is
probably behind this observation. Resveratrol, a competitor for
ANS, was not only shown to displace ANS but was also shown
to compete with ANS competitors (see Fig. 6E). It is also inter-
esting that epicatechin showed no activity in the assay but can
clearly bind, as observed in the co-crystal. A closer inspection of

the ligand-binding cavity reveals a large pocket capable of bind-
ing ligands in different positions or capable of binding more
than one ligand simultaneously (see Fig. 5). The superposition
of Bet v 1 containingANS andAra h 8 indicateswhereANSmay
bind within the Ara h 8 binding site. From this we can extrap-
olate that ANS and resveratrol most likely bind in the same
position within the pocket, whereas ANS and epicatechin may
be able to bind simultaneously. These observations would
explain why a loss of fluorescence in the presence of resveratrol
is seen and why epicatechin is bound in the crystal structure,
but a loss of fluorescence is not seen in the ANS displacement
assay. Kofler et al. (19) determined that Bet v 1 was able to bind
multiple ligands simultaneously, which lends support for our
hypothesis that Ara h 8 can do so as well. In summary, we have
shown that PR-10 ligand-binding has to be investigated by sev-
eral different experimental methods because only such an
approach provides a full picture of the unusual promiscuity and
complexity of the interactions of these proteins with small
molecular ligands.
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