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A B S T R A C T

Food allergies represent a substantial medical liability and preventing accidental exposure to food allergens
requires constant attention. Allergic reaction to cashew nuts is frequently serious, and the small 2S albumin, Ana
o 3, is an immuno-dominant cashew allergen. Ana o 3 is composed of five alpha helices, contains 2 subunits
linked by cysteine disulfide bonds, and remains soluble even after extensive heating of cashew nuts. The stability
and solubility properties of Ana o 3 make it an excellent target for diagnostic and detection methods and tools. In
this work, a monoclonal antibody, designated 2H5, aimed at amino acids 39–54 within helices I and II of the
small subunit of Ana o 3 was developed that recognizes both recombinant and native Ana o 3 and is cashew
specific in ELISA experiments. The KD against the targeted amino-acid sequence was found to be approximately
7.0× 10−6 mg/ml (3.3 nM), while the KD against the native protein was found to be approximately 1.2×10-3

mg/ml (92 nM). The 2H5 monoclonal anti-Ana o 3 antibody can distinguish between native and recombinant
proteins and represents a useful reagent for the study of antibody cashew-allergen interactions and may enable
the development of cashew-specific diagnostic tools that can be used to prevent accidental cashew allergen
exposures.

1. Introduction

Food allergies result in Type I hypersensitivity reactions due to
Immunoglobulin E (IgE) binding to what are normally benign food
proteins. Several reports have indicated the incidence of food allergy
has increased over the past two decades [1] and the costs associated
with food allergy response and care are substantial [2]. Several factors
may affect the onset and progression of food allergy including genetics,
diet, food additives such as citric acid and sulfites, as well as environ-
mental [3–6].

Tree nut consumption has been correlated some health advantages
[7], but tree nuts are also considered one of eight foods that commonly
cause food allergies. Accidental ingestion or contact with tree nuts is
common and the frequency of tree nut allergy is growing [8]. Tree nuts
are considered potent allergens, and tree nut allergies are usually life-
long allergies that do not improve with age [9]. Cross-reaction among
tree nuts has been well documented [10] and due to similar sequence
and conformation among conserved tree nut seed storage proteins.

The Anacardiaceae family includes cashew nuts, pistachio and
mango which may cross-react with cashew nut allergens, and poison ivy

and poison oak that may contain skin-irritating saps or oils [11]. De-
mand for cashew nuts is high in the United States, and cashew nuts are
an essential ingredient in many types of foods. IgE mediated cashew nut
allergy has been reported towards seed storage proteins including the
Ana o 1 [12], Ana o 2 [13], and the Ana o 3 proteins [14], which have
homologs in many plant species. Surveys of medical reports indicate
that reactions to cashew allergens can often be severe [15–17].

A very small fraction of a single cashew nut can elicit severe reac-
tions, but information that would clearly define threshold doses and be
useful for food processors, clinical diagnostic labs, or medical labora-
tories for labeling transparency have not been adopted by regulatory
agencies. Recent research to define a threshold dose for cashew aller-
gens suggests amounts as low as 0.9 mg of cashew nut protein can cause
a reaction [18,19]. A survey of cashew cultivars from world regions
indicated only very minor variations in allergen content, suggesting no
large differences among allergen composition of the nuts. Heating steps
performed during cashew nut processing can alter cashew allergen so-
lubility [20,21], and this may complicate diagnostic or clinical testing.
Heat-induced chemical alterations on the Ana o 3 cashew allergen have
also been documented [22], but the immunological consequence of this
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type of modification has not been defined.
The small 2S albumin proteins are within the prolamin superfamily

of proteins and are potent peanut and tree nut allergens [23]. They are
often cleaved into large and small subunits and contain conserved cy-
steine residues that have been demonstrated to contribute to structural
stability and resistance of the proteins to peptidases [23]. Several
structural studies of 2S albumin proteins from various plant seeds in-
dicate a compact protein containing five alpha-helices connected by
short loops [23,24]. A segment of these proteins between helix 3 and 4
has been termed the ‘hypervariable region’, and dominant linear IgE
epitopes have been identified for several of the 2S proteins within this
flexible region [23]. In peanuts, the 2S albumins Ara h 2 and Ara h 6,
are thought to be responsible for the bulk of allergenic activity in
peanut extracts [25,26].

In cashew nuts, the Ana o 3 protein is an important allergen and its
sequence has been studied in detail to accurately characterize the
boundaries of the small and large subunit within the mature protein and
identify IgE cognate epitopes [14,27]. Both the small 6 kDa and large
8 kDa Ana o 3 subunits have been shown to have variation in the ends
of their respective sequence [27]. While the Ana o 3 protein has been
demonstrated to contain some amino acid sequence variation, as yet no
clear differences in immunological properties have been revealed due to
these differences. The Ana o 3 protein can withstand several experi-
mental processing methods [28–30], remains soluble even after ex-
tensive heating [21], and can survive digestion with pepsin and trypsin
[31].

A few methods for cashew allergen detection have been character-
ized. ELISA for cashew allergens has been described in the past [32] and
kits are available from several commercial suppliers. An LC-tandem MS
method was developed that can detect tree nuts, including cashew nuts
[33], and a Taqman Real-Time PCR Methodology has been described
that can detect the presence of cashew nuts in food [34]. Due to its
advantageous solubility and stability properties, the Ana o 3 protein
presents an excellent diagnostic target. In this work, a monoclonal
antibody directed towards a peptide sequence contained within helices
I and II of the small Ana o 3 protein subunit that recognizes both native
and recombinant Ana o 3 (rAna o 3) has been generated and char-
acterized.

2. Materials and methods

2.1. Materials

Tree nuts and peanuts were bought from NutsOnline (Cranford, NJ,
USA). Bovine serum albumin (BSA) fraction V, petroleum ether, One
Shot™ BL21(DE3) competent E. coli, and flat-bottom clear-well
MaxiSorp 96-well plates were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Recombinant Enterokinase was purchased from
EMD Millipore (Billerica, MA, USA). The polyclonal rabbit anti-cashew
antisera, described previously [35], was generated by Pierce Bio-
technology Inc. (Rockford, IL, USA). Secondary antibodies IRDye
680RD labeled donkey anti-mouse IgG and IRDye 800CW labeled
donkey anti-rabbit IgG were purchased from LI−COR (Lincoln, NE,
USA).

Defatted nut extracts
Ground cashew, pistachio, peanut, walnut, pecan, almond, or he-

ated cashew nuts (mild - 300 °F/149 °C for 12min, medium - 300 °F/
149 °C for 20min, or dark roasted - 300 °F/149 °C for 24min) were
defatted with petroleum ether using a Kimble Soxhlet extraction device
for 24 h as described previously [21]. Defatted nut flours were mixed
1:10 with 100mM sodium phosphate buffer (pH 8.0) for 1 h, sonicated
three times at 4 °C for 15 s using a Sonic Dismembrator (Fisher Scien-
tific Co., Orlando, FL, USA), and centrifuged 30min (12,000 × g) at
4 °C. Protein concentrations of nut extract samples were determined by
absorbance (280 nm) on a Pharmaspec UV-1700 (Shimadzu, Kyoto,
Japan). Clarified samples were frozen with liquid nitrogen and kept at

−80 °C during storage.

2.2. Native Ana o 3 purification

Native Ana o 3 was purified from cashew nuts by ion-exchange
chromatography as previously described with minor changes [31].
Defatted raw or dark roasted cashew nut extracts were resuspended in
Tris buffer (20mM Tris pH 8.0, 200mM NaCl, 1 mm EDTA, and 1mM
PMSF) with stirring at ambient temperature 1 h and then sonicated
(3×15 s) with a Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA,
USA). Soluble protein was collected by centrifugation (12,000 x g,
30min, 4 °C), and sequentially precipitated with 75% and then 100%
ammonium sulfate. Protein precipitated by 100% ammonium sulfate
was re-solubilized in sodium phosphate buffer (5mM sodium phosphate
pH 6.8), and run through a ceramic hydroxyapatite column (Bio-Rad,
Hercules, CA, USA) on a BioLogic LP low-pressure chromatography
system (Bio-Rad, Hercules, CA, USA). Protein was eluted using a so-
dium chloride gradient (5–200mM) at 3ml/min. Ana o 3 fractions were
pooled and concentrated, and then digested with trypsin and analyzed
by mass-spectrometry to confirm identity.

2.3. Mouse monoclonal anti-Ana o 3 antibody production and sequencing

A peptide corresponding to amino acids 39–54 of Ana o 3
(H2N-CQRQFEEQQRFRNCQR−OH), and the 2H5 anti-Ana o 3 peptide
antibody were produced by Genscript (Piscataway, NJ, USA). Briefly,
the Ana o 3 peptide corresponding to amino acids 39–54
(H2N-CQRQFEEQQRFRNCQR−OH) of Helices I and II within the Ana o
3 protein was synthesized and amino terminally conjugated to keyhole
limpet hemocyanin (KLH). The KLH-conjugated peptide was used to
immunize 5 Balb/c mice with a traditional immunization strategy.
Screening of peptide positive supernatants from collected spleen cell
fusions was done by ELISA. Peptide-positive primary hybridoma clones
were sub-cloned by limiting dilution. One of the resulting stable hy-
bridoma clones, 2H5, was selected for further analysis based upon
preliminary tests using the Ana o 3 protein and a panel of tree nut
extracts. Purified 2H5 antibody was collected from culture supernatant
with Protein A, concentrated, aliquoted, flash frozen, and stored at
−80 °C.

To obtain the 2H5 antibody variable domain sequence, RNA from
2H5 hybridoma cells was collected using TRIzol® Reagent by following
manufacturer instructions. RNA was reverse transcribed using the
PrimeScriptTM 1 st Strand cDNA Synthesis Kit (Takara Bio, Mountain
View, CA) into cDNA with isotype-specific antisense primers. The
variable antibody domains were amplified using rapid amplification of
cDNA ends (RACE), and cloned into pGEM-T cloning vectors (Promega
Corporation, Madison, WI). Colony PCR confirmed clones with cor-
rectly sized inserts, and at least five independent colonies from each
domain were sequenced. Insert sequences were aligned and the con-
sensus sequence for each clone was used to predict protein sequence.

2.4. Recombinant Ana o 3 production and purification

A codon optimized Ana o 3 coding sequence was synthesized with a
flanking 5′ in-frame BamHI and a 3′ EcoRI restriction site following a
stop codon (IDT, Coralville, IA, USA). The synthesized Ana o 3 gene was
excised from the production plasmid by digestion, and ligated with
pET32 (EMD Millipore, Billerica, MA, USA) to create an in-frame fusion
to the thioredoxin protein and a poly-histidine tag resulting in plasmid
CPM444. One Shot™ BL21(DE3) chemically competent E. coli were
transformed with the CPM444 plasmid and cells were grown at 37 °C in
Luria Broth (Fisher Scientific, Fairlawn, New Jersey, USA) with 50ug/
ml ampicillin to an optical density of 0.4 (OD600). Thioredoxin-poly-
histidine-Ana o 3 fusion protein expression was induced by the addition
of 1mM isopropyl-thio-β-galactoside, and cells were allowed to con-
tinue growing for 4 h. Cells were harvested by centrifugation,
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resuspended in buffer (100mM Tris pH 8.0, 250mM NaCl, 5 mM imi-
dazole, 0.1% triton X-100, and 1mM PMSF), and lysed by sonication.
Cell lysates were centrifuged and the recombinant thioredoxin-poly-
histidine-Ana o 3 fusion protein was isolated from the clarified lysate
with His-Select Nickel Affinity Gel (Sigma Aldrich, St. Louis, MO, USA)
and cleaved by digestion with enterokinase according to manufacturers’
instructions to remove the thioredoxin-poly-histidine affinity tag.
Thioredoxin-poly-histidine protein remaining in the isolated re-
combinant Ana o 3 (rAna o 3) solution was removed by a final batch
purification with His-Select Nickel Affinity Gel. Purified rAna o 3 pro-
tein concentration was established by absorbance at 280 nm using a
Pharmaspec UV-1700 and purified protein aliquots were frozen in li-
quid nitrogen and stored at −80 °C.

2.5. Elisa

Comparison of 2H5 antibody-Ana o 3 binding was performed by
either direct or competitive ELISA. For direct ELISA, purified native Ana
o 3, native Ana o 3 pre-treated with 5mM DTT for 15min at 37 °C), or
recombinant Ana o 3 (2.5 μg per well for each in 50 μL or half-log di-
lutions thereof as indicated) in sodium carbonate buffer (0.015M
Na2CO3, 0.035M NaHCO3, pH 9.6) was used to coat plate wells
overnight (ON) at 4 °C. Alternatively, 4 μg of defatted nut extracts made
from ready to eat peanut, cashew, pistachio, walnut, pecan, almond, or
in the case of cashew nuts, mild (300 °F/149 °C for 12min), medium
(300 °F/149 °C for 20min), or dark roasted (300 °F/149 °C for 24min)
in 50 μL were used to coat plate wells ON at 4 °C. For non-competitive
Ana o 3 dilution ELISA, 1.3 μg of purified Ana o 3 in 50 μL of sodium
carbonate buffer, or half-log dilutions thereof, was used to coat plate
wells ON at 4 °C. Following 16 h of incubation, plate wells were blocked
with phosphate buffered saline (PBS, 10mM phosphate, 137mM so-
dium chloride, pH 7.4) containing 0.1% BSA for one hour at 37 °C. Fifty
(50) μL of 2H5 stock antibody (1.729mg/mL) diluted 1:5000 was
added for 1 h at 37 °C, then plate wells were washed, and 1:10,000
dilution of donkey anti-mouse IRDye 680 labeled secondary antibody
was added, wells were washed again, and the plate was scanned on a
LI−COR Odyssey CLX for signal quantification. The rabbit anti-cashew
polyclonal antibody was used at a 1:5000 dilution, and the IRDye
800CW labeled donkey anti-rabbit IgG was used at a 1:10,000 dilution.

For competitive ELISA, plate wells were coated with 2.5 μg of pur-
ified native Ana o 3 in 50 μL of sodium carbonate buffer ON at 4 °C, and
blocked with BSA the next morning, as described above. For competi-
tive ELISA with the native Ana o 3 protein, 25 μL of the 1:5000 diluted
2H5 antibody was pre-incubated for 1 h at 37 °C with 25 μL of purified
Ana o 3 peptide at an initial concentration of 1.3 mg/mL or the in-
dicated half-log dilutions. For competitive ELISA with the Ana o 3
peptide, 25 μL of the 1:5000 diluted 2H5 antibody was pre-incubated
for 1 h at 37 °C with 25 μL of the 39–54 residue
(H2N-CQRQFEEQQRFRNCQR−OH) Ana o 3 peptide at an initial con-
centration of 0.1 mg/mL or the indicated half-log dilutions. The
50 μL pre-binding reactions were then added to plate wells containing
20 μL of 10mM phosphate buffered saline (pH 7.4) and incubated for
1 h at 37 °C. Plate wells were washed as above, a 1:10,000 dilution of
donkey anti-mouse IRDye 680 labeled secondary antibody was added,
and plates were scanned, as described above, on a LI−COR Odyssey
CLX for signal quantification.

2.6. Protein modeling, docking, and epitope prediction

The Ana o 3 peptide and protein (Q8H2B8_ANAOC) were modeled
with Molecular Operating Environment software (MOE version
2018.01, Chemical Computing Group, Montreal, QC, Canada) using the
Moringa oleifera 2S albumin structure as a template [24] and the
PAM250 amino acid substitution matrix. MOE was also used for the
2H5 antibody variable fragment model, the in-silico antibody-peptide
docking, and epitope prediction.

2.7. Mathematical models for binding

The binding of a fixed concentration 2H5 antibody to varying
concentrations of immobilized Ana o 3 protein may be described by the
Langmuir isotherm [36,37]:

=

+

A P A P
K P

[ : ] [ ]
[ ]s

tot s

Ds s (1)

where [A:Ps] is the concentration equivalent for the surface density of
the antibody-protein complex, Atot is the total concentration of the
antibody (free and complexed), [Ps] is the surface concentration of the
unbound immobilized protein, and KDs is the dissociation constant for
the surface reaction. When the antibody concentration is well below the
value of the dissociation constant, the fraction of the complexed protein
will be small, and the total protein concentration Ptot may be used in
place of [Ps].

In the experiments described here, the solution concentrations of
protein used during the immobilization process are used as a proxy for
the surface density of the protein. The KDs derived from these experi-
ments is therefore not the actual dissociation constant, and care must be
taken when deriving other quantities using these values.

The model for the competition experiments assumes equilibrium
between the antibody bound to immobilized protein on the surface and
antibody bound to competitor in solution. The competitor in these ex-
periments may be either the Ana o 3 protein, or the peptide fragment.
The surface based equilibrium is described by:

=K A P A P[ : ] [ ][ ]Ds s s (2)

where KDs, [A:Ps], and [Ps] are designated as in Eq. 1, and [A] is the
concentration of free antibody in solution. The equilibrium between
free antibody, competitor, and antibody-competitor complex in solution
is described by:

=K A C A C[ : ] [ ][ ]DC (3)

where KDC is the dissociation constant for the antibody-competitor
complex in solution, [A:C] is the concentration of the antibody-com-
petitor complex, and [C] is the concentration of free competitor in so-
lution. C therefore designates either the protein or the peptide, so that
KDC designates either KDprot, the dissociation constant for the antibody-
protein complex, or KDpept, the dissociation constant for the antibody-
peptide complex. The free surface concentration of the immobilized
protein is then described by:

= − ≅P P A P P[ ] [ : ]s tot s tot (4)

where Ptot is the total concentration of immobilized protein (free and
complexed). Assuming that the antibody concentration is significantly
less than KDs allows for the indicated approximation. The free con-
centration of competitor is described by:

= − ≅C C A C C[ ] [ : ]tot tot (5)

where Ctot is the total concentration of competitor (free and com-
plexed). Assuming that the antibody concentration is significantly less
than KDC allows for the indicated approximation. As the antibody is
bound in both surface-protein complexes, and competitor complexes, its
free concentration is described by:

= − −A A A P A C[ ] [ : ] [ : ]tot s (6)

The surface-bound complex [A:Ps] is what is detected via a labeled
secondary antibody. Solving Eq.s 2–6 for [A:Ps] yields:

=

+ +

A P A P
K P C

[ : ]s
tot tot

Ds tot
K
K tot

Ds
DC (7)

It should be noted that both KDs and Ptot are in units of solution
concentrations as proxies for surface densities. Atot, KDC and Ctot are
naturally in units of solution concentration.
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2.8. Methods of mathematical analysis

All data was fit to the models using Igor Pro 6.37. Both Eq.s 1 and 7
may be fit to the Hill equation [38,39], which is one of the built-in
functions in Igor Pro:

= +
−

+ ( )
y base base(max )

1
x

x

ratehalf
(8)

In all cases, we have fixed base at zero, and y is taken to be the
measured RFU signal.

To model Eq. 1 with the Hill equation, rate is fixed at 1, xhalf = KDs,
x = [Ps] = Ptot, and max = R Atot, where R is the conversion between
antibody concentration and RFU (generally unknown).

To model Eq. 7 with the Hill equation, rate is fixed at -1, and x =
Ctot. The numerator and denominator of Eq. 7 must divided through by
(KDs+Ptot) to achieve the form of the Hill Equation, so that:

=

+

R A P
K P

max tot tot

Ds tot (9)

and

= =
+x m K P

K K/C
Ds tot

Ds DC
half (10)

KDC is either the dissociation constant for the protein in solution,
KDprot, if the protein is used as the competitor, or the dissociation
constant for the peptide in solution, KDpept, if the peptide is used as the
competitor. The ratio of mprot /mpept is then equal to KDprot /KDpept.

2.9. Statistical analysis

Antibody binding (relative fluorescence units, RFU) plots represent
the average of at least four samples including ± standard deviation
error bars. Experimental data was evaluated using analysis of variance
(ANOVA) and a post-hoc Tukey Honest Significant Difference (HSD)
Test using an alpha/ p value of< 0.01.

3. Results

3.1. Anti-Ana o 3 monoclonal antibody production

Monoclonal antibody clones directed towards a 16 amino acid
peptide corresponding to a segment of the small subunit of Ana o 3
(residues 39-H2N-CQRQFEEQQRFRNCQR−OH-54) were generated in
mice. This segment of the protein was chosen because of the large
number of charged residues, documented recognition by IgE from
cashew allergic patients [14,27], lower likelihood of sequence simi-
larity with other 2S albumins near the carboxy-terminus of the small
subunit [23], and the likelihood of solvent exposure based on Ana o 3
modeling (Fig. 1). Several hybridoma cell line supernatants were
screened by ELISA for recognition of native Ana o 3, and one clone
(2H5) was chosen for further study.

3.2. Recognition of native Ana o 3 by 2H5 monoclonal antibody

Antibody from 2H5 clone supernatants was purified by protein A
affinity and used in direct ELISA with extracts form several nuts to
compare the specificity of the antibody. Recognition of cashew nut
extract was clearly the dominant signal and the difference in binding
compared to the other nut extracts was significant (p < 0.01) (Fig. 2).
Recognition of pecan nut extract proteins was 15-fold lower and peanut
protein recognition was 18-fold lower. Recognition of other tree nuts
such as pistachio and walnut (each 24-fold lower) and almond (36-fold
lower) were minimal.

Comparison of competitive ELISA with either the peptide or the
native Ana o 3 protein indicated the peptide was a much better

competitor for 2H5 binding. As shown in Fig. 3, the 2H5 antibody was
able to detect native Ana o 3 by direct ELISA, fitted to Eq. 1 with a KD of
1.6 ± 0.1×10−3 mg/ml (immobilization concentration).

Competition experiments using either native Ana o 3 or the peptide
in solution as competitor against immobilized Ana o 3 for antibody
binding are shown in Fig. 4.

Fits to Eq. 7 allowed the determination of the half-max signals as
defined in Eq. 10. The half-max signal mprot using native Ana o 3 as
competitor was found at 2.8 ± 0.2× 10−2 mg/ml, while the half-max
signal mpept using the peptide as competitor was found at
1.6 ± 0.1×10-4 mg/ml. The ratio of mprot to mpept is 175 ± 17, im-
plying that the affinity of the 2H5 antibody is 175-fold better for the
peptide than for the native protein (on a mg/ml basis). On a molar
basis, this ratio drops to 28-fold. By applying the dissociation constant
found by direct ELISA and the immobilized protein concentration of
0.036mg/ml to Eq. 10, and assuming pipetting errors of 5%, the free-
solution dissociation constants may be found for native Ana o 3 and the
peptide. These calculated constants are 1.2 ± 0.1×10-3 mg/ml
(92 ± 8 nM) for Ana o 3, and 7.0 ± 0.8× 10-6 mg/ml
(3.3 ± 0.4 nM) for the peptide.

The 2H5 antibody was used to characterize Ana o 3 in protein ex-
tracted from cashew nuts that were heated for various amounts of time
at 300 °F/149 °C. A direct ELISA measuring 2H5 recognition of Ana o 3
from 4 μg of cashew extract from unheated or heated cashew nuts in-
dicated an approximately 2.5-fold greater signal from the dark roasted
cashew nut extract (p < 0.01) (Fig. 5A).

The signals from the other heating treatments were not significantly

Fig. 1. A peptide corresponding to amino acids 39–54 of Ana o 3 contained
within helices I and II of the small Ana o 3 protein subunit was synthesized and
used to generate monoclonal antibodies. The peptide is colored green in the Ana
o 3 protein sequence and ribbon model. Clustal Omega alignment of the cor-
responding residues from the pistachio (Pis v 1), Brazil nut (Ber e 1), hazelnut
(Cor a 1), pecan (Car i 1), walnut (Jug r 1), and peanut (Ara h 2/6) 2S albumins
is shown below. Identical residues are bolded and underlined, strongly similar
residues are underlined, and weakly similar residues are bolded.
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different (p > 0.01). The relatively large difference in signal observed
from dark roasted cashew nut extract was likely attributable to a dif-
ference in the amount of Ana o 3 in the extract, as previous work has
indicated the relative proportion of Ana o 3 increases in extensively
heated cashew nut extracts [21]. To determine directly if there was a
difference in recognition of Ana o 3 from raw or heated cashew nuts,
Ana o 3 was purified from raw or dark roasted cashew nuts and used to
coat plate wells. While binding to Ana o 3 purified from dark roasted
cashew nuts was slightly reduced, there was not a statistically sig-
nificant difference in 2H5 binding between Ana o 3 purified from raw
versus dark roasted cashews (p > 0.01) (Fig. 5B).

3.3. Expression and purification of recombinant ana o 3

To characterize the 2H5 antibody further and compare recognition
of native and recombinant Ana o 3, a synthetic Ana o 3 gene was
synthesized and sub-cloned into a pET32 expression vector, creating an
amino-terminal fusion to thioredoxin and 6 histidine repeats with a
predicted molecular weight of 32 kDa. The plasmid carrying Ana o 3
was transformed into E. coli to characterize the recombinant fusion
protein. Induction of the transformed E. coli strain harboring the Ana o
3 expressing plasmid with IPTG demonstrated the presence of an in-
ducible band migrating at the expected 32 kDa size (between the 37 and
25 kDa markers) after 6 h of induction (Fig. 6A).

The protein was expressed well, but was not entirely soluble. The

Fig. 2. Direct ELISA comparing 2H5 monoclonal antibody binding to peanut, cashew, pistachio, walnut, pecan, and almond nut extracts. Relative fluorescence units
(RFU) are indicated on the y-axis.

Fig. 3. Detection of native Ana o 3 by direct ELISA with 2H5 antibody. The
antibody recognized Ana o 3 with an estimated KD of 1.6 ± 0.1×10-3mg/ml.
Ana o 3 concentration (mg/ml) is shown on the x-axis and RFU is shown on the
y-axis.

Fig. 4. Competitive ELISA comparing 2H5 binding to Ana o 3 peptide or native
protein. Half maximal inhibition with the peptide was determined to be
1.6 ± 0.1×10-4mg/ml while half maximal inhibition for the Ana o 3 protein
was 2.8 ± 0.2×10-2 mg/ml. The concentration of competitor (peptide or Ana
o 3, mg/ml) is shown on the x-axis and RFU are shown on the y-axis.
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soluble portion was purified via nickel affinity gel and was digested
with enterokinase while attached to a solid support affinity column
resulting in 2 smaller bands migrating at 18 (thioredoxin) and 13 kDa
(rAna o 3) (Fig. 6C). Mass-spectrometric analysis of the purified

recombinant protein identified 5 peptides, matching those of the Ana o
3 protein and representing 34% of the protein.

3.4. Recognition of recombinant Ana o 3 by 2H5 monoclonal antibody

A direct ELISA was used to compare recognition of the native and
purified recombinant Ana o 3 proteins by the 2H5 antibody. The 2H5
antibody recognized the recombinant Ana o 3 protein more robustly
(nearly 4-fold greater, p < 0.01) than the native protein (Fig. 7A).

When the native Ana o 3 was pre-treated with a reducing agent
(DTT) to alter its structure, and used to coat plate wells, there was a
slight but noticeable increase in recognition of the denatured protein
compared to the properly folded protein (Fig. 7A). The relatively slight
discrimination between 2H5 recognition of native Ana o 3 pre-treated
compared to untreated native Ana o 3 with reducing agent was sig-
nificant (p < 0.01). In comparison, a rabbit polyclonal sera to whole
cashew extract that has been previously demonstrated to recognize
native Ana o 3 generated only slightly different signals for the native
and recombinant Ana o 3 proteins that were not significantly different
(p > 0.01) (Fig. 7B). However, the same rabbit anti-cashew sera re-
cognized the DTT pre-treated native Ana o 3 poorly, over 30-fold less,
compared to either the native or recombinant proteins (p < 0.01)
(Fig. 7B).

3.5. Ana o 3 peptide and 2H5 monoclonal antibody docking

The peptide-antibody interaction was modeled to highlight residues
important for the interaction between the molecules. The antibody
variable fragments were modeled and docked with the peptide and they
appeared to create a pocket that enveloped the peptide (Fig. 8, A–C).

Fig. 5. Direct ELISA comparison of 2H5 binding to extracts from raw (ready to eat), mild, medium, or dark roasted cashew nuts (A). Comparison of 2H5-Ana o 3
binding using protein purified from unheated or dark roasted (drAna o 3) cashew nuts (B). RFU are indicated on the y-axis.

Fig. 6. Expression and purification of recombinant Ana o 3 from E. coli. SDS-
PAGE of extracts from un-induced or induced E. coli expressing a thioredoxin-
poly-histidine tagged recombinant Ana o 3 protein (trxA-6xHis-rAna o 3) (A).
TrxA-6xHis-rAna o 3 fusion protein purified by nickel affinity gel (B). TrxA-
6xHis-rAna o 3 fusion protein cleaved by enterokinase (C), and isolated rAna o
3 protein (D), with molecular weight standards on the left of each panel.
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Within this pocket there were at least 3 relatively strong interac-
tions that were likely important for peptide binding. These include the
Asp121 residue within the heavy chain complimentary determining
region 3 (CDR3) interacting with peptide residue Arg-16, the heavy
chain CDR2 Asp71 - peptide Arg10 interaction, and the light chain
CDR2 Lys74 - peptide Arg-16 interaction (Fig. 8, D–F).

4. Discussion

The 2H5 antibody is a cashew specific monoclonal antibody tar-
geted towards the small subunit of the Ana o 3 allergen. This antibody
provides a new tool for laboratory and structural studies aimed at
characterizing the Ana o 3 2S albumin cashew allergen and may be
useful in the creation of improved diagnostic tests for food safety ap-
plications. The antibody recognized both native and E. coli produced
recombinant Ana o 3 protein, although recognition of the recombinant
protein appeared to be more robust. This is in contrast to the rabbit
polyclonal sera towards whole cashew extract. The rabbit polyclonal
sera recognizes native and recombinant Ana o 3 at a roughly equivalent
level, but is very sensitive to changes in native Ana o 3 structure fol-
lowing treatment with a reducing agent, suggesting the dominant epi-
tope(s) within the population is primarily conformational. Consistent
with recognition of a linear epitope, the 2H5 antibody recognized de-
natured native Ana o 3 slightly more robustly, likely due to the loss of
structure and possibly increased access to the linear epitope it was
targeted towards. Further, the native protein was not recognized by the
2H5 antibody as well as the recombinant protein, suggesting that the
epitope recognized by 2H5 may be partially hidden by folding in the
native protein.

No statistically significant difference in 2H5 binding between Ana o

3 purified from unheated or heated cashews (p > 0.01) was observed,
and the lowered recognition of Ana o 3 purified from heated cashew
nuts was relatively minor (Fig. 5B). The very slight difference observed
in the ELISA likely reflects some small inaccuracy in protein con-
centration determination, rather than reflecting actual differences in
antibody binding. Previous work with Ana o 3 purified from heated
cashew nuts has provided evidence of heating-induced modifications of
the protein, and hints that there may be loss or alteration of aromatic
amino acids [22]. Perhaps these or other alterations contribute to dif-
ficulties in accurately quantifying protein concentration when com-
paring Ana o 3 samples purified from unheated or heated cashew nuts.

The small chain of 2S albumin proteins is thought to be composed of
2 helices connected by a short flexible linker. Structural and modeling
studies have indicated that the helices within the 2S albumin allergens
generally adopt the same formation, but that the length and spacing of
the helices may differ among 2S albumin allergens [23,40]. This region
of 2S albumin proteins has proven to be important for recognition by
IgE. For example, the first and second helices of the Ara h 2 peanut
allergen contain important IgE epitopes that when fused to an amino-
terminal fusion protein or mutated by alanine scanning can reduce IgE
binding [40]. The small chain of Ana o 3 was recently found to migrate
at an observed mass of 6 kDa and contains sequence heterogeneity at
both the amino and carboxy termini [20], but it is not clear if this is a
result of natural post-translational processing, differences in sample
storage, or other factors.

Based upon NMR spectroscopy studies of Ara h 6 it is thought that
helices 2, 4, and 5 are involved in forming the hydrophobic core of the
protein [41]; therefore, some portion of the 2H5 epitope within helix 2
may be hidden in the native Ana o 3 conformation. This observation
also suggests that the recombinant protein is not entirely folded

Fig. 7. Direct ELISA comparing 2H5 monoclonal (A) and rabbit polyclonal anti-cashew antibody (B) binding to native Anao3, rAna o 3, or native Ana o 3 pre-treated
with 5mM reducing agent (DTT-Ana o 3) to disrupt protein structure. RFU are shown on the y-axis.
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correctly, and that the peptide sequence contained within helices I and
II may be more accessible than in the native protein. The small subunit
in the native protein likely adopts a conformation that partially hides
the linear epitope recognized by the 2H5 antibody, and this could ex-
plain the reduced recognition of the native protein compared to the
recombinant. This is not surprising, given that in some cases other 2S
albumin allergens that have been recombinantly produced in E. coli
have not been accurately proteolytically processed, may not contain
properly formed cysteine disulfide bonds, and lack proper folding.

The 2H5 antibody recognized the Ana o 3 protein in cashew extracts
and although the sequence of the peptide antigen was very similar to
sequences found within other peanut or tree nut 2S albumins, including
Pis v 1 from pistachio nuts [42], it did not observably cross-react in
experiments with other nut extracts. This antibody was targeted to-
wards a linear peptide epitope that is detectable at some level in the
native properly folded Ana o 3 protein, although it is likely not entirely
accessible due to the conformation of the protein. For some targets,
conformational epitope studies may be more useful. For example, a
conformational epitope has been described for the Ana o 2 legumin
allergen that is recognized by human IgE Ana o 2 antibodies [43,44],
although it is readily destroyed by treating the protein with dena-
turants. Using phage display libraries to identify IgE epitopes of peanut
2S albumins [45] maybe advantageous as 2S albumins are resistant to
digestive enzymes [23,31] and may remain intact in the gut; potentially
providing more opportunity for clonal selection of conformational
epitopes.

Allergen content within a given nut or seed may vary season-to-
season. For example, genomic analysis in rice has been used to predict
possible rice allergens and 2-D gel analysis can be used to evaluate
allergen content in genetically modified soy beans [46,47]. The 2H5
antibody represents a new tool in the detection and characterization of
Ana o 3, and could be used for similar studies of allergen content

variability for a given source of cashew nuts. The 2H5 antibody re-
cognized denatured Ana o 3 that was pretreated with a reducing agent,
and may have an advantage for applications testing samples that re-
quire denaturing processing steps. The results generated with the 2H5
antibody thus far provide a small window into the complex interplay of
linear and discontinuous molecular interactions between antibodies
and allergenic 2S albumins. Linear IgE epitope mapping studies can be
very useful, but usually tell only part of the story. IgE epitopes are often
discontinuous and improved characterization of those types of inter-
actions is essential to understanding IgE-allergen interactions. The Ana
o 3-2H5 antibody interaction could serve as a proxy for IgE-allergen
interactions. In-silico modeling of the 2H5 and the Ana o 3 peptide
immunogen highlighted potentially important interaction residues
thought to contribute to the binding interaction. Thoughtful en-
gineering of the 2H5 antibody variable domain may allow improved
antibodies directed towards Ana o 3, or other tree nut allergens, and
may provide detection reagents with superior specificity and avidity.
Continued study of the 2H5 antibody and similar antibodies may help
create new tree-nut allergen specific reagents that could be used in food
origin identification, allergen component analysis, toxicity, and other
food safety related applications.
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