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Effect of deglycosylation on immunoreactivity and
in vitro pepsin digestibility of major cashew
(Anacardium occidentale L.) allergen, Ana o 1
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Abstract:
deglycosylation using PNGase F to assess the potential role of N-glycans in immunoreactivity. Western and dot blotting

Major cashew allergen, Ana o 1, was purified in its native form from cashew seeds and subjected to enzymatic

with pooled human plasma containing anticashew IgE revealed that deglycosylation increased IgE-binding of Ana o 1.
Removal of N-glycans may have exposed previously masked Ana o 1 epitopes. Purified glycosylated and deglycosylated
Ana o 1 were also subjected to in vitro pepsin digestion at pH 3.0 for 2 hr. Both glycosylated and deglycosylated Ana o 1
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remained stable and reactive with IgE antibodies following digestion.
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Practical Application:

Understanding the role of glycosylation in Ana o 1 immunoreactivity may provide insight into the

potential development of hypoallergenic cashews/cashew products for sensitive individuals in the future.

1. INTRODUCTION

Globally, cashews are the number one produced tree nut
(5,932,597 MT in 2018) and the United States is the top im-
porter (153,448 MT in 2017, worth approximately $1.58 billion)
(FAOSTAT, 2020). Per capita consumption of cashew nuts was
106 g/year globally and 445 g/year in the United States (INC,
2017). The high global demand for cashews may be attributed
to their desirable sensory properties and nutrient density; cashews
are an energy-rich food composed of approximately 47.77% lipid,
16.84% protein, and 30.16% carbohydrate (USDA, 2020). Despite
their economic importance and popularity as a food, cashews are
known to elicit IgE-mediated food allergy in sensitive individuals
(Mendes et al., 2019).

The country with the most reported cashew allergies is the
United States (McWilliam et al., 2015), although prevalence data
are limited to just Sweden, the Netherlands, France, the United
States, and Australia (Mendes et al., 2019). The current estimated
prevalence rate of cashew allergy among all U.S. adults is ap-
proximately 0.5%; among adults with a convincing cashew al-
lergy, about 57% report physician-diagnosed cashew allergy (Gupta
et al., 2019). Currently, three cashew proteins have been identified
and are included in the World Health Organization/International
Union of Immunological Societies (WHO/IUIS) official list of al-
lergens (Mendes et al.,2019; WHO/IUIS Allergen Nomenclature
Sub-Committee, 2020). Two of the identified allergens, Ana o 1
and Ana o 2, are members of the cupin superfamily and the third,
Ana o 3, belongs to the prolamin superfamily of proteins.
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Ana o 1 is a 7S vicilin-type trimeric protein with two known
isoforms, Ana o 1.0101 (538 amino acids) and Ana o 1.0102 (536
amino acids) that differ only by the first two N-terminal amino
acid residues, which are present in Ana o 1.0101 but not in Ana
0 1.0102 (WHO/IUIS Allergen Nomenclature Sub-Committee,
2020). Recombinant Ana o 1 (rAna o 1) has been expressed in
Escherichia coli and probed with sera from cashew-allergic patients
(Wang et al., 2002). Immunoblotting of rAna o 1 revealed that 50%
of the tested sera (10 out of 20) were reactive, suggesting that Ana
o 1 is a major cashew allergen. By using rAna o 1 as an inhibitor
in Western blotting of cashew total soluble protein extract, it was
determined that the native protein precursor corresponded to a
band of approximately 50 kDa. Reitsma et al. (2016) presented
the only proposed method for purification of native Ana o 1 from
cashew seeds. This report was also the first to confirm predicted
glycosylation of Ana o 1, a characteristic typical of vicilin-type
proteins. Although the site(s) of glycosylation on Ana o 1 have not
been determined, one Asn residue falls within the typical consen-
sus sequence (Asn-X-Thr/Ser, where X is any nonproline amino
acid) targeted for N-glycosylation (Imperiali, Shannon, Unno, &
Rickert, 1992). This residue is within a mapped human IgE-
targeted epitope (Guan et al., 2015; Wang et al., 2002); however,
the role of glycosylation on Ana o 1 immunoreactivity has yet to
be explored.

For the first time, purified native Ana o 1 from cashew seeds was
subjected to enzymatic deglycosylation to assess the potential role
of attached glycans on allergenic properties. Immunoreactivity of
deglycosylated Ana o 1 was compared to its glycosylated coun-
terpart using pooled human plasma containing anticashew IgE.
Further, immunoreactivity of purified Ana o 1 after exposure to
in vitro pepsin digestion was assessed using both the glycosylated
and deglycosylated states. Currently, there is no cure for food al-
lergy. Understanding molecular properties of food allergens, such
as glycosylation, that contribute to immunorecognition may be
used to improve consumer safety.
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Table 1-Clinical history of plasma donors.

Cashew IgE
Donor # (kU/L)? Other allergens (positive ImmunoCAP result)
26741-EW 36.667 Peanut, hazelnut, brazil nut, almond, pecan, pistachio, walnut, eggplant, macadamia nut, banana,
avocado, Dermatophagoides pteronyssinus, cat dander, birch, CCD MUXEF3 from Bromelain
32378-TB 52.8 Codfish, walnut, pistachio, almond, hazelnut, watermelon, celery
32402-JS 77.8 Peanut, soybean, hazelnut, walnut, honeybee venom, cat dander, dog dander, birch
33454-PS 39.8 Egg white, milk, wheat, sesame seed, peanut, soybean, peanut, Alternaria ternius
20197-BH 81.3 Peanut, pistachio, hazelnut, egg white, lobster, pecan, crab, Cladosporium herbarum

*Measured by ImmunoCAP by PlasmaLab International.

2. MATERIALS AND METHODS

2.1 Materials and reagents

Raw cashews were from a local grocery store in Tallahassee,
FL, USA. Plasma samples containing anticashew IgE from five
individual donors (Table 1) were purchased from Plasmalab In-
ternational (Everett, WA, USA) and pooled. Amicon Ultra-15
centrifugal filter units (30 kDa cutoff), porcine pepsin from gas-
tric mucosa, and peroxidase-labeled goat anti-human IgE antibody
were from MilliporeSigma (St Louis, MO, USA). A HiPrep 16/60
Sephacryl S-200 HR column was purchased from GE Health-
care Life Sciences (Marlborough, MA, USA). Spectra/Por 1 (6 to
8 kDa cutof) dialysis tubing was purchased from Spectrum Chem-
ical (New Brunswick, NJ, USA). Criterion TGX Precast Midi
8% to 16% Protein Gels (12 + 2 well, 45 pL), Clarity Western
Enhanced Chemiluminescent (ECL) Substrate, and Protein Assay
Dye Reagent Concentrate were purchased from Bio-Rad (Her-
cules, CA, USA). Fisher BioRegents EZ-Run Prestained Rec Pro-
tein Ladder and Pierce Glycoprotein Staining Kit were ordered
from ThermoFisher Scientific (Waltham, MA, USA). Rapid PN-
Gase F was purchased from New England Biolabs (Ipswich, MA,
USA). FluoroTrans PVDF transfer membranes were from Pall Life
Sciences (0.2 um pore size) (Port Washington, NY, USA). Ponceau
S Staining Solution was from Tocris Bioscience (Bristol, UK). All
other chemicals were purchased from MilliporeSigma unless oth-
erwise stated.

2.2 Preparation of cashew flour

Full fat cashew seeds were ground in an Osterizer blender (speed
setting “grind”; Galaxy model 869-18R, Jaden Consumer Solu-
tions, Boca Raton, FL, USA) and passed through a 20-mesh sieve.
The full fat flour was then defatted for 8 hr using a Soxhlet appara-
tus with petroleum ether (boiling point range of 38.2 to 54.3 °C)
as the solvent (flour-to-solvent ratio of 1:10 w/v). After overnight
drying (until constant weight) in a fume hood at room tempera-
ture (23 °C), the defatted flour was passed through a 40-mesh sieve
and stored at —20 °C until needed.

2.3 Ammonium sulfate precipitation and ultrafiltration

Crude purification of cashew Ana o 1 was followed according
to the method of Reitsma et al. (2016) with modifications. Briefly,
10 g of defatted cashew flour was extracted (1:5 w/v) in ammo-
nium bicarbonate buffer (0.1 M ammonium bicarbonate, 0.5 M
NaCl, pH 7.9) overnight at 4 °C with constant stirring. The slurry
was then centrifuged at 4,000 ¢ for 90 min using an Eppendorf
(Enfield, CT, USA) model 5804R centrifuge and the supernatant
was gravity filtered through Whatman filter paper no. 4 (20 to
25 pm pore size) with a thin layer of glass wool.

The filtered supernatant was then subjected to ammonium sul-
fate precipitation. To the supernatant, 15% w/v ammonium sul-
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fate was slowly added, and the mixture was left to stir for 60 min
at 4 °C followed by centrifugation at 4,000 g for 60 min at 4 °C.
The supernatant was collected, and the ammonium sulfate con-
centration was increased to 30% w/v followed by 60 min mag-
netic stirring and 60 min centrifugation under the same conditions.
The process was repeated for an increased concentration to 45%
and then finally 52.5% w/v ammonium sulfate. The final super-
natant was then diluted four times in ultrapure deionized (DI) wa-
ter (NANOpure Diamond™ Barnstead International, Dubuque,
IA, USA).

The four-times diluted supernatant (herein referred to as “su-
pernatant A”) was then subjected to a series of ultrafiltration steps.
Four milliliters of supernatant A was placed in an Amicon Ultra-15
Centrifugal Filter Unit with a 30 kDa molecular weight cutoff and
spun for 5 min at 4,000 ¢ at 20 °C. Another 4 mL of supernatant
A was added to the retentate and centrifuged under the same con-
ditions. This step was repeated three more times for a total of four
times. Five milliliters of DI water was then added to the reten-
tate and the solution was centrifuged under the same conditions.
This step was repeated once. Another 4 mL of supernatant A was
added to the retentate followed by centrifugation under the same
conditions. This was again repeated three more times for a total of
four times. Five milliliters of DI water was added to the retentate
in the same centrifugal filter unit followed by shaking and then
centrifugation for 5 min. The final washing step with DI water
was repeated for a total of 10 times and the retentate was further
purified using size exclusion chromatography.

2.4 Size exclusion chromatography

Size exclusion chromatography was carried out using an AKTA
Pure 25 protein purification system (GE Health Sciences) with
a HiPrep 16/60 Sephacryl S-200 HR prepacked column (1.6 x
60 cm, 120 mL column volume, and 0.15 MPa pressure limit).
All purification steps took place in a cold room at 4 °C and all
buffers were filtered and degassed prior to introduction on the
column. The column was equilibrated with 60 mL of DI water at
0.5 mL/min followed by 240 mL of equilibration buffer (50 mM
sodium phosphate, 0.15 M NaCl, and pH 7.2) at 1 mL/min. The
sample was injected at 0.5 mL/min and proteins were eluted with
180 mL of equilibration buffer at 0.5 mL/min. Elution was moni-
tored by UV absorbance at 214 and 280 nm and gel electrophoresis
(described below). Fractions containing Ana o 1 were pooled and
dialyzed (6 to 8 kDa MWCO) against DI water for 48 hr with
six changes of water at 4 °C. The dialysate was dried in a Savant
SpeedVac Concentrator (Thermo Scientific) and stored in an air-
tight container at —20 °C.

2.5 Protein solubility
Soluble protein concentration was estimated using the Brad-
ford protein assay (Bradford, 1976). Absorbance at 595 nm was



Ana o 1 immunoreactivity ...

measured using an Epoch 2 microplate spectrophotometer (Biotek,
Winooski, VT, USA). Standard curves for each assay were pre-
pared using bovine serum albumin fraction V in appropriate sam-

ple buffer.

2.6 Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out using Criterion TGX Precast Midi
8% to 16% Protein Gels. Protein samples were mixed (1:1 v/v)
with Laemmli buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS w/v,
25% glycerol v/v, and 0.01% bromophenol blue v/v). For reduc-
ing conditions, 5% v/v B-mercaptoethanol was added before use.
Samples were then heated for 10 min using a dry block heater set
to 100 °C, cooled to room temperature, and then loaded onto the
gel. An EZ-Run Prestained Rec Protein Ladder was included in the
reference lane for each run. Gels were run (running buffer: 25 mM
Tris, 192 mM glycine, 0.1% w/v SDS, pH 8.3) using a Bio-Rad
Criterion Vertical Electrophoresis Cell at constant voltage (200 V)
until the tracking dye reached the gel edge.

2.7 Coomassie brilliant blue R staining

Gels were immersed in staining solution (0.25% w/v coomassie
brilliant blue R (CBBR), 50% v/v methanol, and 10% v/v acetic
acid in DI water) overnight at room temperature on a rocker. Gels
were then transferred to destaining solution (50% v/v methanol
and 10% v/v acetic acid in DI water) and gently mixed on a rocker
until background was removed. Gels were imaged using a Chemi-
Doc Touch Gel Imaging System (Bio-Rad) with epi-white illu-
mination. Image Lab Software (Bio-Rad version 6.1) was used for
estimations of molecular mass.

2.8 Protein identification

Ana o 1 was identified by LC-MS/MS in the Translational
Science Laboratory at Florida State University (Tallahassee, FL,
USA). Twenty micrograms of lyophilized protein was resuspended
in 20 pL of 50 mM ammonium bicarbonate. TCEP (tris(2-
carboxyethyl)phosphine, 5mM final concentration) was added for
reduction and the mixture was incubated at 55 °C for 20 min.
Reduced protein was alkylated by the addition of 10 mM TAA
(iodoacetamide) and incubated in the dark at room temperature
for 20 min. One microgram of trypsin was added to the mix and
incubated at 37 °C for 3 hr. Digested peptides were added to a
C18 spin column and eluate from the column was dried using a
freeze dryer and resuspended in 0.1% formic acid at 1 pg/pL and
loaded onto the LC-MS/MS system.

An externally calibrated Thermo Q Exactive HF (high-
resolution electrospray tandem mass spectrometer) was used in
conjunction with Dionex UltiMate 3000 RSLCnano System. A
2-pL sample was aspirated into a 50-pL loop and loaded onto the
trap column (Thermo p-Precolumn 5 mm, with nanoViper tub-
ing 30-um i.d. X 10 c¢cm). The flow rate was set to 300 nL/min
for separation on the analytical column (Acclaim PepMap RSLC
75 uM x 15 cm nanoviper). Mobile phase A was composed of
99.9% H,O (EMD Omni Solvent) and 0.1% formic acid, and mo-
bile phase B was composed 0f 99.9% ACN and 0.1% formic acid. A
90-min linear gradient from 3% to 45% B was performed. The LC
eluate was directly sprayed into the Q Exactive HF mass spectrom-
eter (Thermo Scientific). During the chromatographic separation,
the Q Exactive HF was operated in a data-dependent mode and
under direct control of the Thermo Excalibur 3.1.66 (Thermo

Scientific) software. The MS data were acquired using the follow-
ing parameters: 20 data-dependent collision-induced dissociation
MS/MS scans per full scan (350 to 1,700 m/z) at 60,000 resolution.
MS2 were acquired in centroid mode at 15,000 resolution. Ions
with single charge, or charges more than 7 as well as unassigned
charge were excluded. A 15-s dynamic exclusion window was
used. All measurements were performed at room temperature. Re-
sultant raw files were searched with Proteome Discoverer 2.4 using
SequestHT and Mascot as the search engine using Anacardium-
specific FASTA database (downloaded from Uniprot).

2.9 Enzymatic deglycosylation

Purified Ana o 1 was deglycosylated using Rapid PNGase F ac-
cording to the manufacturer’s two-step protocol. Briefly, 16 puL of
DI water and 4 pL of 5X concentrated Rapid PNGase F Buffer
were added to 100 pg of dried Ana o 1 followed by incubation at
80 °C for 2 min. The protein solution was cooled to room tem-
perature followed by the addition of 1 pL Rapid PNGase F and
subsequent incubation at 50 °C for 10 min. Extent of deglycosyla-
tion was monitored by glycoprotein staining and mobility shifts on
SDS-PAGE gels with CBBR staining. Control experiments were
performed where the Ana o 1 protein sample was exposed to the
same conditions with 1 pL of water added in place of Rapid PN-
Gase |

2.10 Glycoprotein staining

Glycoprotein staining was conducted using a Pierce Glycopro-
tein Staining Kit according to kit instructions. Briefly, gels were
fixed by immersing in 100 mL of 50% v/v methanol for 30 min
followed by washing twice (10 min each) in 100 mL of 3% v/v
acetic acid. Gels were then transferred to 25 mL of oxidizing so-
lution (periodic acid) and gently mixed for 15 min on a rocker
followed by three times washing in 100 mL of 3% v/v acetic acid
for 5 min each. Gels were then transferred to 25 mL of glyco-
protein stain (Fuchsin Sulfite) and gently mixed for 15 min on a
rocker. Gels were then immersed in 25 mL of reducing solution
for 5 min followed by washing in 3% v/v acetic acid and DI water.
Positive (horseradish peroxidase) and negative (soybean trypsin in-
hibitor) controls for glycoprotein staining were included on each
gel. Gels were imaged using a ChemiDoc Touch Gel Imaging Sys-
tem (Bio-Rad) with epi-white illumination. Image Lab Software
(Bio-Rad version 6.1) was used for estimations of molecular mass.

2.11  Western and dot blot

For Western blot, following SDS-PAGE, proteins were trans-
ferred onto PVDF membranes using transfer buffer (10% v/v 10X
CAPS buffer [pH 11.0], 10% v/v methanol) at room tempera-
ture for 90 min at 50 V using a Bio-Rad Criterion Tank Blotter.
Following transfer, polypeptide bands were visualized by Ponceau
S staining. For dot blot, 1 pg protein was pipetted onto a PVDF
membrane and left to air dry at room temperature (approximately
30 min). All membranes were blocked with 5% (w/v) nonfat dry
milk (NFDM) in Tris-buffered saline with Tween 20 (TBST) for
60 min at room temperature on a rocker. After blocking, mem-
branes were washed with two changes of TBST for 5 min each
and subsequently incubated with pooled human plasma contain-
ing anticashew IgE (diluted 1:5 v/v in TBST) overnight at 4 °C on
a rocker. Membranes were then washed three times in TBST for
8 min each at room temperature on a shaker. Following washing,
membranes were incubated with goat anti-human IgE peroxidase-
labeled secondary antibody (diluted 1:10,000 v/v in TBST with
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Table 2-Composition of simulated gastric fluid.

Constituent Final conc. in SGF mixture
KCl 6.9 mM

KH,PO4 0.9 mM

NaHCO3 25 mM

NaCl 47.2 mM

MgCl, (H20)6 0.1 mM
(NH4)>CO3 0.5 mM

CaClg (HgOz) 0.075 mM

HCI 150 mM

Pepsin Approximately 4,000 U/mL

5% NFDM) for 60 min at room temperature on a rocker. Mem-
branes were again washed three times with TBST for 8 min each.
Antigens were detected through chemiluminescence using Clar-
ity Western ECL substrate. Membranes were incubated with sub-
strate solution for 5 min on a rocker and imaged using a Bio-Rad
ChemiDoc MP Imaging System with chemiluminescence. Band
and dot intensities were quantified using Image Lab Software (Bio
Rad version 6.1).

2.12  In vitro pepsin digestion

In vitro pepsin digestion was conducted following the protocol
described by Minekus et al. (2014) with modifications. Compo-
sition of simulated gastric fluid (SGF) is outlined in Table 2. The
amount of HCl in the SGF was optimized so that a 1:1 mixture
of sample and SGF would be at pH 3.0. SGF and 100 pg aliquots
of Ana o 1 in 20 pL 1X PNGase F buffer with or without addi-
tion of 1 uL PNGase F were prewarmed separately at 37 °C for
30 min. To start the reaction, samples and SGF were mixed 1:1 v/v
and placed in an incubator at 37 °C with shaking (250 rpm). Di-
gestion was carried out for 120 min and the reaction was stopped
by neutralization with NaOH and placing on ice. Samples were
then mixed 1:1 v/v with SDS-PAGE sample buffer and heated at
100 °C for 10 min. SDS-PAGE, Western, and dot blot were carried
out as described in preceding sections. Controls (no pepsin) were
included and Ana o 1 samples (glycosylated and deglycosylated)
were digested in duplicate. Sample preparation is summarized in

Table 3.

2.13 Molecular modeling
Molecular graphics and analyses performed with UCSF
Chimera, developed by the R esource for Biocomputing, Visualiza-

tion, and Informatics at the University of California, San Francisco,
with support from NIH P41-GM103311.

3. RESULTS AND DISCUSSION
3.1 Anao 1 purification

Purification of native Ana o 1 involved three steps: stepwise
ammonium sulfate precipitation, ultrafiltration, and size-exclusion
chromatography. Figure 1 shows the SDS-PAGE profiles follow-
ing purification and corresponding size exclusion chromatogram.
As shown in the gel, the starting cashew total soluble protein ex-
tract (lane B) contained a series of protein bands ranging from ap-
proximately 11 to 59 kDa. To reduce the complexity, ammonium
sulfate precipitation followed by ultrafiltration was performed.
Three polypeptide bands (approximately 11, 12, and 50 kDa)
were observed upon electrophoresis of the final retentate after
ultrafiltration (lane C). Based on the observed molecular weight
in accordance with previously reported literature (Reitsma et al.,
2016), the band near 50 kDa was suspected to be Ana o 1. Due
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Figure 1-SDS-PAGE profiles following purification of Ana o 1 and correspond-
ing size exclusion chromatogram. SDS-PAGE (left) lane A: molecular weight
standards (5 pL), lane B: cashew whole protein extract (10 pg load), lane C:
crude-purified cashew protein extract loaded onto S-200 column (5 ug load),
lane D: pooled fractions corresponding to 44 to 51 mL eluent (2 pg load), lane
E: pooled fractions corresponding to 76 to 89 mL eluent (1 pg load). Gel was
run under reducing conditions. Elution off size exclusion column (right) was
monitored by UV absorbance at 214 nm. Sample was injected on a HiPrep
16,/60 Sephacryl S-200 HR prepacked column (1.6 x 60 cm, 120 mL column
volume, 0.15 MPa pressure limit) at 0.5 mL/min and proteins were eluted with
180 mL of equilibration buffer at 0.5 mL/min.

to the size differences, size exclusion chromatography was selected
for further purification. Fractions eluting from 44 to 51 mL, cor-
responding to the first peak in the chromatogram, were collected,
pooled, and analyzed by SDS-PAGE (lane D). A single band was
observed in the SDS-PAGE gel at approximately 50 kDa. The elu-
ate was also analyzed using LC-MS/MS, and Ana o 1 was con-
firmed in this fraction although the specific isoform of Ana o 1
was not determined (Figure S-1). The second eluting peak (pooled
fractions 76 to 89 mL, lane E) appears to contain the separated
impurities. The approximate yield of purified Ana o 1 from 10 g
of defatted cashew flour (approximately 34% protein w/w) was
0.13%.

This approach was based on the method of Reitsma et al. (2016)
which to our knowledge is the only published method on purifi-
cation of native Ana o 1. Due to the fact that recombinant expres-
sion systems are often unable to replicate post-translational mod-
ifications (e.g., glycosylation and disulfide bond formation) that
may be important to allergenicity, purification and analysis of the
native protein is important (Willison, Sathe, & Roux, 2014). In
the original method, the authors were able to purify native Ana
o 1 without the additional step of column chromatography. In
our attempt to reproduce this method, we were unable to com-
pletely remove the low molecular weight peptides by ultrafiltra-
tion. The reduced efficiency of ultrafiltration in our hands may be
due to the use of a fixed angle rotor instead of a swinging-bucket
rotor during centrifugation. This may have resulted in partial
clogging of the filter and retention of low molecular weight impu-
rities. Reitsma et al. (2016) also described a shaking step between
centrifugations that may have varied from our method in speed
and/or time. Nonetheless, ammonium sulfate precipitation and
ultrafiltration were valuable preconcentration and purification
steps prior to column chromatography.

3.2 Anao 1 glycosylation

Glycoprotein staining was used to confirm glycosylation of pu-
rified Ana o 1 and to ensure deglycosylation after incubation
with PNGase E PNGase F was chosen because of its reported
broad specificity (Tarentino, Gomez, & Plummer, 1985); PNGase
F cleaves almost all N-linked oligosaccharides, unless there is an
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Table 3-Preparation and treatment of samples for in vitro pepsin digestion.
Glycosylated Ana o Glycosylated Ana o Deglycosylated Ana DeglycosylatedAna
Sample 1 control 1 + pepsin o 1 control o 1 + pepsin
pg Anao 1 100 100 100 100
uL H,O 17 17 16 16
pL 5X PNGase F buffer 4 4 4 4
Denaturation at 80 °C Yes Yes Yes Yes
uL PNGase F — — 1 1
Incubation at 50 °C Yes Yes Yes Yes
uL SGF w/pepsin — 21 — 21
puL SGF no pepsin 21 — 21 —
Incubation time at 37 °C 120 min 120 min 120 min 120 min
pL neutralizing solution 42 42 42 42
Total volume (uL) 84 84 84 84
Ana o 1 conc. (mg/mL) 1.19 1.19 1.19 1.19
A B C D E A B G Dl E Figure 2-SDS-PAGE gels of egFosyIa'Fed and
KDa KDa degly_cosylated Anaol wsual_nzed \{\n_th CB_BR
staining (left) and glycoprotein staining (right). Lane
gg | gg A: molecular weight standards (5 pL), lane B: Ana o
] 1 deglycosylated with PNGase F, lane C: Ana o 1
95 — 95  — E 3 control, lane D: glycoprotein stain positive control
72 . 72 - (horseradish peroxidase), lane E: glycoprotein stain
: negative control (soybean trypsin inhibitor). All
56 — 56 w— = lanes have 5 pg protein load.
N - '
43 - - 43— ‘
34 .. 34 -
26— 26| —
17 .. - 7
11 11 s

o 1, 3-fucose on the core N-acetyl glucosamine. In Figure 2, the
SDS-PAGE profiles of deglycosylated and glycosylated Ana o 1
visualized with CBBR (left) and glycoprotein staining (right) are
shown. Lanes B and C contain deglycosylated and glycosylated
Ana o 1, respectively. An expected shift in mobility of deglycosy-
lated Ana o 1 (lane B) was observed when stained with CBBR.
Based on this shift, the estimated difference in molecular mass be-
tween glycosylated (lane C) and deglycosylated Ana o 1 (lane B)
was approximately 800 Da. The average molecular mass of an N-
glycan on a glycoprotein is approximately 1,000 Da (Schneider
& Nagele, 2012), which suggests that Ana o 1 may contain a sin-
gle glycan. Glycoprotein staining of the same samples in Figure 2
(right) further confirmed deglycosylation of Ana o 1 by PNGase
E The approximately 50 kDa band was not stained in lane B (deg-
lycosylated Ana o 1) as compared to the positive signal observed
in lane C. Positive and negative controls for glycoprotein staining
were included in lanes D and E, respectively.

Presence of glycoproteins in total soluble cashew protein extract
was initially believed to be nonexistent (Sathe et al., 2009). More
recently, Reitsma et al. (2016) showed that glycoprotein staining of
purified Ana o 1 was positive, as reproduced in this report. In agree-
ment with Reitsma et al. (2016), we hypothesize that the reported
negative glycoprotein stain in the total soluble protein extract that

was reported initially (Sathe et al., 2009) was likely due to the low
quantity of Ana o 1 in the extract. As corroborated by Figure 1
lane B, the relative abundance of Ana o 1 compared to other pro-
teins in the extract appears to be low. Additionally, the relatively
weak glycoprotein staining intensity of Ana o 1 (Figure 2, lane C)
compared to the positive glycoprotein control (horseradish perox-
idase, Figure 2, lane D) and small migration shift observed with
CBBR staining suggest that the extent of Ana o 1 glycosylation is
low. Glycoprotein staining may not be sensitive enough to detect
Ana o 1 when the whole protein extract is stained.
3.3 Immunoreactivity of glycosylated versus deglycosylated
Anao 1

Glycosylation has the potential to influence immunorecogni-
tion of a protein by several means. For example, cotranslational
N-glycosylation can influence protein folding and may contribute
to the formation (or lack) of conformational epitopes and/or ex-
posure of linear epitopes (Imperiali & O’Connor, 1999). Addi-
tionally, the presence of a glycan on the surface of a protein may
interfere with immunorecognition by physically masking an epi-
tope, partially or completely (Zhang, Xiao, Zhang, & Zhou, 2019).
It is also possible that a glycan can be directly involved in antibody
recognition by constituting a portion or entirety of the epitope
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Figure 3-Immunoreactivity of Ana o 1 after deglycosylation. 1: Ponceau S
staining after transfer to PVDF membrane (5 pg protein load). 2: Western blot.
Lane A: molecular weight standards, lane B: Ana o 1 deglycosylated with PN-
Gase F, lane C: Ana o 1 control. 3: Dot blot with deglycosylated Ana o 1 (left)
and Ana o 1 control (right).

(Aalberse, Koshte, & Clemens, 1981; Altmann, 2007). To assess the
role of Ana o 1 glycosylation in immunoreactivity, Ana o 1 was
deglycosylated using PNGase F and subjected to immunoblotting.

A comparison of glycosylated and deglycosylated Ana o 1
probed with pooled human plasma containing anticashew IgE is
shown in Figure 3. Ponceau S staining was used to visualize the
transfer of proteins onto the PVDF membrane following elec-
trophoresis (Figure 3-1). Again, a slight shift in electrophoretic mi-
gration of deglycosylated Ana o 1 (lane B) compared to its glyco-
sylated counterpart (lane C) was observed. Ponceau S staining also
revealed the presence of a small amount of high molecular weight
aggregates around 130 kDa in both lanes B and C, likely heat-
induced aggregates formed during sample preparation. Figure 3-2
shows the corresponding immunoblot of this membrane probed
with pooled human plasma. Interestingly, a stronger signal was ob-
served for deglycosylated Ana o 1 (lane B) compared to glycosy-
lated Ana o 1 (lane C). To corroborate this, the corresponding dot
blots for each protein are shown at the bottom in Figure 3-3. Mea-
sured band and dot intensity of deglycosylated Ana o 1 were six
and three times higher than the glycosylated control, respectively.
These results suggest that glycan moieties on Ana o 1 may be phys-
ically masking amino acid residues recognized by human IgE used
in this study, and their removal thereby increases immunorecogni-
tion. It is noted that only a limited number of plasma samples were
included in this study. In the future, individual plasma analysis and
inclusion of additional plasma samples would improve the clinical
significance of these results.

Twelve B-cell epitopes (11 linear (Wang et al., 2002) and 1 con-
formational (Guan et al.,2015)) have been mapped on Ana o 1 us-
ing synthetic peptides and recombinant protein. The Asn residue(s)
involved in Ana o 1 glycosylation have not been identified; how-
ever, asparagine residues targeted for N-linked glycosylation are
typically within the consensus sequence Asn-X-Thr/Ser, where X

6 Journal of Food Science ¢ Vol. 0, Iss. 0, 2021

can be any nonproline amino acid (Imperiali & O’Connor, 1999;
O’Connor & Imperiali, 1996; Schwarz & Aebi, 2011; van Ree,
2002; Wyss & Wagner, 1996). One asparagine residue in the Ana o
1 primary sequence falls within this consensus sequence (position
391) and is also part of an epitope sequence recognized by human
IgE (Figure 4).If this predicted N-glycosylation site is glycosylated,
then it is likely that the observed increase in immunorecognition
after deglycosylation is due to unmasking of epitopes. Identifying
site(s) of N-glycosylation on Ana o 1 as well as information on the
size and structure of the attached glycans would be useful in the
future to support these results. It may also be of interest to explore
glycation or neoglycosylation as a potential means to reduce IgE
recognition of Ana o 1.

Immunoreactivity following deglycosylation has been inves-
tigated for other glycoprotein food allergens as well. Shrimp
tropomyosin similarly exhibited increased IgE binding follow-
ing enzymatic deglycosylation which was also proposed to be
due to increased exposure of epitopes previously masked by gly-
cans (Zhang et al., 2019). For several other allergens, such as egg
ovalbumin (Park, Yoon, Kim, Han, & Choi, 2017), egg ovomu-
coid (Benede, Lopez-Fandino, Reche, Molina, & Lopez-Exposito,
2013), soybean B-conglycinin (Amigo-Benavent, Athanasopoulos,
Ferranti, Villamiel, & del Castillo, 2009; Yang et al., 2018), and
wheat gliadin (Song et al., 2015), immunoreactivity decreased fol-
lowing deglycosylation. Such decreases in IgE binding have been
attributed to participation of the carbohydrates in recognition by
human IgE. Although the existence of anticarbohydrate IgEs is
well established, clinical relevance of carbohydrate epitopes has
been a subject of debate (Breiteneder & Mills, 2005; Fotisch &
Vieths, 2001; van Ree & Aalberse, 1999). The role of glycosyla-
tion in allergenicity appears to be specific to a given protein and
depends on a number of factors, including location of the gly-
cans, location of the epitopes, size and number of attached gly-
cans, chemical interactions between the glycan and the protein
surface, and immunogenic behavior of the carbohydrate moiety
itself.

3.4 Invitro pepsin digestion

An important characteristic of food allergens is their resistance
toward gastrointestinal digestion (Pekar, Ret, & Untersmayr, 2018).
To assess and compare stability of glycosylated and deglycosy-
lated Ana o 1, purified proteins were incubated with a fixed
amount of pepsin for 120 min at pH 3.0. The conditions were
selected based on the recommendations of Minekus et al. (2014),
a consensus report from a network of over 200 scientists from 32
countries proposing a standardized approach for in vitro digestion
studies. To represent a broad range of meals, 120 min was rec-
ommended for gastric digestion time. Although pepsin activity
has an optimum range from pH 1.8 to 3.2 (Soybel, 2005; Un-
tersmayr & Jensen-Jarolim, 2006) and is known to vary greatly
with pH, a static value of pH 3.0 was recommended to match
the 120 min suggested length of gastric simulation and repre-
sent average pH with consumption of a meal (Minekus et al.,
2014).

Pepsin-induced proteolysis of Ana o 1 visualized with CBBR
staining is shown in Figure 5-1. After in vitro gastric digestion,
both deglycosylated (lane B) and glycosylated Ana o 1 (lane
D) exhibited some degree of degradation compared to their
respective controls (no pepsin, lanes C and E). Deglycosylated
Ana o 1 appeared to undergo more proteolysis, as indicated by the
diminished 50 kDa band in lane B (deglycosylated Ana o 1) with a
concurrent increased detection of low molecular weight bands
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Figure 4-Location of mapped epitopes on Ana o 1.
Residues highlighted in yellow in the primary
sequence (top) are linear epitopes reactive with
human IgE, amino acids highlighted in blue
correspond to a murine mAb-reactive
conformational epitope, and resides highlighted in
green represent overlap between the conformational
and linear epitopes. Possible N residue involved in
glycosylation is bolded in red. Molecular graphics
and analyses (bottom) performed with UCSF
Chimera (Pettersen et al., 2004). Each monomer is
represented by a different color (green, blue, and
purple). Residues involved in conformational and
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Figure 5-/n vitro pepsin digestion of Ana o 1. 1: SDS-PAGE with CBBR Staining
(10 pg protein load). 2: Western blot with pooled human plasma (5 pg protein
load). Lane A: molecular weight standards (5 pL), lane B: deglycosylated Ana
o 1 + 120 min pepsin digestion, lane C: deglycosylated Ana o 1, lane D: Ana
o 1 control + 120 min pepsin digestion, lane E: Ana o 1 control.

around 30, 17, and 11 kDa, compared to lane C (glycosylated Ana
ol).

Western blotting was used to assess immunoreactivity follow-
ing in vitro pepsin digestion (Figure 5-2). Compared to the deg-
lycosylated Ana o 1 control (no pepsin, lane C), an anticipated
reduction in immunoreactivity of deglycosylated Ana o 1 follow-
ing exposure to pepsin (lane B) was observed, associated with the
breakdown of the 50 kDa Ana o 1 band. It also appears that some
of the degradation products from Ana o 1 proteolysis may still
retain IgE-reactive epitopes as indicated by the weak signals ob-
served in the low molecular weight regions of both lanes B and
D. Contrastingly, immunoreactivity of glycosylated Ana o 1 (lane
D) increased after pepsin exposure compared to the glycosylated
control (no pepsin, lane E). It is possible that partial cleavage by
pepsin of glycosylated Ana o 1 resulted in structural changes that
increased exposure of epitopes; however, the attached glycans may
have interfered with more severe proteolysis observed in the degly-
cosylated pepsin-digested protein. It is further noted that increasing
the quantity of protein in the Western blot may reveal additional
IgE-reactive peptides that may be present in low amounts follow-
ing pepsin digestion. In this report, protein load was limited by the
quantity of native Ana o 1 obtained after purification.

N-glycosylated site is shaded red.

Pepsin is a nonspecific endopeptidase that preferentially cleaves
the peptide bond on the C-terminal side of aromatic amino
acids (Phe, Tyr, and Trp) (Hamuro, Coales, Molnar, Tuske, &
Morrow, 2008). It is likely that deglycosylation exposed more
pepsin cleavage sites resulting in the observed increased proteol-
ysis of the deglycosylated protein. Similar results were reported
for soybean allergen, Gly m 5, in which in vitro gastrointesti-
nal digestibility was enhanced after deglycosylation with PN-
Gase E The authors similarly suggested that attached glycans may
limit the accessibility of pepsin to cleavage sites on the pro-
tein (Amigo-Benavent, Clemente, Ferranti, Caira, & del Castillo,
2011).

This report is the first investigation of in vitro gastric diges-
tion of purified Ana o 1; however, Mattison, Grimm, and Wasser-
man (2014) assessed in vitro digestion of total soluble cashew pro-
tein extract. The authors found that at 0.8 U of pepsin, bands
corresponding to Ana o 1 were undetectable in their gels af-
ter 20 min digestion. These results are difficult to compare to
ours because in their study, digestion was conducted at pH 1.2,
which is more representative of a fasted state pH. As previously
mentioned, pepsin activity is highly dependent on pH and com-
plete proteolysis of Ana o 1 is not unexpected at a lower pH.
Additionally, the low quantity of Ana o 1 in the whole pro-
tein extract makes it difficult to determine if bands have dimin-
ished completely or are present in amounts too low to detect by
staining.

Stability of Ana o 1 toward proteolysis may be a result of its
structural characteristics. As previously mentioned, Ana o 1 is a
member of the cupin superfamily, named after the Latin word for
barrel, “cupa,” due to the conserved B-barrel structural core do-
main shared across members (Dunwell, 1998). Like other globulins,
Ana o 1 is a bicupin, containing two conserved -barrel domains
(Breiteneder & Radauer, 2004). The fB-barrels are composed of
two walls of antiparallel B-sheets with an associated loop domain
and are connected through an «-helix linker region (Barre et al.,
2008). The double-stranded region of the cupin fold is noted to
be a very stable structural motif that is resistant toward thermal de-
naturation and proteolysis and likely plays a role in the survival of
immunologically active fragments following digestion (Mills et al.,
2002). Structural stability following the digestion of similar vicilin
allergens, including peanut Ara h 1 (Maleki et al., 2000) and soy-
bean Gly m 5 (Zheng, Qin, Tian, & Zhang, 2017), has been re-
ported.

Opverall, glycosylation may play a minor role in the stability
of Ana o 1 toward pepsin digestion because both forms of the
protein remained stable and reactive with human IgE following
simulated gastric digestion. Subsequent exposure of Ana o 1 to
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pancreatic enzymes (e.g., trypsin, chymotrypsin, and carboxypep-
tidase) encountered in the small intestine should be investigated in
the future.

4, CONCLUSION

As previously stated, there is no cure for food allergy. In this re-
port, deglycosylation was explored as a potential means to reduce
immunoreactivity of major cashew allergen, Ana o 1. The results
of this investigation indicate that deglycosylation increased recog-
nition of Ana o 1 epitopes targeted by the pooled human plasma
used in this study. Immunoreactivity of deglycosylated Ana o 1
was higher than the glycosylated control as assessed by Western
and dot blot. Based on these results and due to the proximity of
a predicted N-glycosylation site to mapped epitopes on Ana o 1,
we hypothesize that the observed increase in immunorecognition
after deglycosylation is due to unmasking of epitopes. Although
deglycosylation may have slightly increased the susceptibility of
Ana o 1 toward pepsin proteolysis, both forms of the protein were
recognized by human IgE following in vitro digestion under the
tested conditions. More work is needed to understand the role of
glycosylation in gastrointestinal digestibility of Ana o 1. Further, it
is suggested that protein glycation be explored as a possible alter-
native method to reduce immunoreactivity.
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Figure S-1. Ana o 1 identification by LC-MS/MS. Matched pep-
tides by SequestHT are bolded and underlined.
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Supplemental material

Identified as, Ana o 1, vicilin-like protein (Anacardium occidentale), Uniprot Q8L5L5.
SequestHT Results: 75 % sequence coverage, score: 44892

Mascot Results: 68 % sequence coverage, score: 44401
MGPPTKFSFSLFLVSVLVLCLGFALAKIDPELKQCKHQCKVORQYDEQQKEQCVKECEKY
YKEKKGREREHEEEEEEWGTGGVDEPSTHEPAEKHLSQCMROCERQEGGQQKQLCRFRCQ
ERYKKERGQHNYKREDDEDEDEDEAEEEDENPYVFEDEDFTTKVKTEQGKVVLLPKFTQOK
SKLLHALEKYRLAVLVANPQAFVVPSHMDADS IFFVSWGRGTITKILENKRESINVRQGD
IVSISSGTPFYIANNDENEKLYLVQFLRPVNLPGHFEVFHGPGGENPESFYRAFSWEILE
AALKTSKDTLEKLFEKQDQGTIMKASKEQIRAMSRRGEGPKIWPFTEESTGSFKLFKKDP
SQSNKYGQLFEAERIDYPPLEKLDMVVSYANI TKGGMSVPFYNSRATKIAIVVSGEGCVE
IACPHLSSSKSSHPSYKKLRARIRKDTVFIVPAGHPFATVASGNENLEIVCFEVNAEGNI
RYTLAGKKNIIKVMEKEAKELAFKMEGEEVDKVFGKQDEEFFFQGPEWRKEKEGRADE

Figure S-1. Ana o 1 identification by LC-MS/MS. Matched peptides by SequestHT are bolded and
underlined. Due to the similarity in the two isoforms of Ana o 1 and the lack of N-terminal
peptides detection, the specific isoform (Ana 01.0101 vs. Ana 01.0102) of Ana o 1 was not
determined.
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