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The mechanism of reduced IgG/IgE-binding
of β-lactoglobulin by pulsed electric field
pretreatment combined with glycation
revealed by ECD/FTICR-MS†
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Yunlong Zhao,d Chendi Niu,d Honglin Yaod and Wenfeng Yec

Bovine β-lactoglobulin (β-Lg) is a major allergen existing in milk and causes about 90% of IgE-mediated

cow’s milk allergies. Previous studies showed that pulsed electric field (PEF) treatment could

partially unfold the protein, which may contribute to the improvement of protein glycation. In

this study, the effect of PEF pretreatment combined with glycation on the IgG/IgE-binding ability and

the structure of β-Lg was investigated. The result showed that PEF pretreatment combined with

glycation significantly reduced the IgG and IgE binding abilities, which was attributed to the changes of

secondary and tertiary structure and the increase in glycation sites and degree of substitution per

peptide (DSP) value determined by electron capture dissociation Fourier transform ion cyclotron

resonance mass spectrometry (ECD/FTICR-MS). Unexpectedly, glycation sites (K47, K91 and K135) added

by two mannose molecules were identified in glycated β-Lg with PEF pretreatment. Moreover, the

results indicated that PEF pretreatment at 25 kV cm−1 for 60 μs promoted the reduction of IgG/

IgE-binding capacity by increasing the glycation degree of β-Lg, whereas single PEF treatment

under the same conditions markedly enhanced the IgG/IgE-binding ability by partially unfolding the

structure of β-Lg. The results suggested that ECD/FTICR-MS could help us to understand the mechanism

of reduction in the IgG/IgE-binding of β-Lg by structural characterization at the molecular level.

Therefore, PEF pretreatment combined with glycation may provide an alternative method for β-Lg
desensitization.

1. Introduction

Cow’s milk allergy (CMA), the most common food allergy in
early childhood, affects between 2% and 3% of infants in
developed countries.1 This limits the application of milk in the
food industry although milk is an excellent nutritional and
functional food resource. Beta-lactoglobulin (β-Lg), causes
almost 90% of IgE-mediated CMA, and is a major allergen

(constituting about 50% of whey proteins) in cow’s milk.2,3 It
is an 18 kDa globular protein with a sequence of 162 amino
acids, in which two disulfide bonds (Cys66–Cys160 and
Cys106–Cys119) stabilize a so-called-barrel (or calyx) structure
that is formed by nine anti-parallel-sheets.4,5 To date, the
linear and conformational epitopes (including IgG and IgE
types) of β-Lg have been mainly identified.6,7 Depending on
different principles, numerous processing methods, such as
heating,8 high hydrostatic pressure (HHP),9 ultrasonication,10

dynamic high pressure microfluidization (DHPM),11 glyca-
tion,12 hydrolysis13 and genetic modification,14 have been con-
ducted to alter the allergenicity of β-Lg. However, some limit-
ations impede their practical application and a single method
could not sufficiently reduce the allergenicity to a satisfactory
level. Some methods, such as HHP and DHPM, could even
increase the allergenicity of β-Lg.

Glycation, the early step of the Maillard reaction occurring
between proteins and reducing sugars, is one of the most
common and essential chemical reactions during food proces-
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sing and storage. It has been considered as a relatively safe
method for modifying the functional properties of proteins,
such as emulsibility, antioxidant activity and allergenicity.15,16

A previous work indicated that glycation could decrease
the IgE binding ability of β-Lg by masking the IgE epitopes
through covalent binding with reducing sugars.16 However,
satisfactory hypoallergenicity could not be achieved by single
glycation due to the insufficient glycation extent.

Pulsed electric field (PEF) has been considered as an emer-
ging and successful non-thermal technology for food proces-
sing and preservation. It processes liquid foods for a few milli-
seconds by using an external electrical field of high intensity
(up to 40 kV cm−1).17 Compared with conventional thermal
processing, it could maintain the food’s quality attributes,
such as sensory and nutritional properties, that may be
degraded during conventional thermal processing.18 So far,
PEF has been widely applied to enzyme inactivation, intracellu-
lar component extraction, pesticide degradation and food steri-
lization.17,19 Previous research showed that PEF could partially
unfold the structure of ovalbumin (OVA) and bovine serum
albumin (BSA).20 The partial unfolding of the protein structure
may allow more efficient modification of the protein by glyca-
tion. Therefore, PEF pretreatment combined with glycation may
provide a new method for β-Lg desensitization. However, little
work has been conducted to investigate the influence of PEF
pretreatment coupled with glycation on the allergenicity of β-Lg.
Moreover, the mechanism of the reduction in the allergenicity
of β-Lg by glycation at the molecular level remains ambiguous.

Fourier transform ion cyclotron resonance mass spec-
troscopy (FTICR-MS) is a high-resolution technique used to
determine the composition of molecules based on accurate
mass and study large macromolecules such as proteins with
multiple charges, which can be produced by electrospray
ionization (ESI).21 Electron capture dissociation (ECD) could
preserve the specific modifications due to the low energy used,
and thus is quietly useful in analyzing protein modifications,
such as phosphorylation, glycation and sulfation.22 Therefore,
to characterize the accurate structure of glycated β-Lg at the
molecular level, ECD/FTICR-MS was employed to analyze the
glycation sites and extent.

The purpose of this study was therefore to carry out a
detailed interpretation of the relationship between the IgG/
IgE-binding ability and structural changes of β-Lg by PEF pre-
treatment combined with glycation. In this work, β-Lg was
pretreated with PEF followed by dry-state glycation with
mannose under non-denatured conditions. The IgG and IgE
binding abilities were evaluated by indirect competitive ELISA.
The glycation sites and extent of glycated β-Lg were identified
by ECD FTICR-MS. The secondary and tertiary structures were
determined by circular dichroism (CD), ultraviolet (UV) and
fluorescence spectrometry. The results of this work enhance
our understanding of the mechanism of the decreased IgG/
IgE-binding ability of β-Lg by PEF pretreatment combined with
glycation, as well as indicating that PEF pretreatment com-
bined with glycation may be an alternative method for β-Lg
desensitization.

2. Materials and methods
2.1. Materials

Mannose, β-Lg, goat anti-rabbit IgG-HRP conjugate and goat
anti-human IgE-HRP conjugate, Freund’s complete and incom-
plete adjuvants, 3,3′,5,5′-tetramethylbenzidine (TMB) and
1-anilinonaphthalene-8-sulfonate (ANS) were obtained from
Sigma-Aldrich (St Louis, MO, USA). Milli-Q water was used as a
solvent in solution. All chemicals used were of analytical grade.

2.2. Preparation of β-Lg samples

One gram of β-Lg was dissolved in 100 mL of 0.01 mol L−1

phosphate buffer (pH 8.0). To reduce the thermal effect during
processing, the electrical conductivity of the solution was less
than 0.1 S m−1. Then it was treated at 25 kV cm−1 for 60 μs by
using a bench scale pulse generator system with a unipolar
square wave (designed by Tsinghua University, Beijing, China),
in which there were two co-field flow treatment chambers
(0.05 mL) with a gap distance and inner diameter of 0.4 cm.
The temperature of the sample was kept below 20 °C by using
a cooling coil submerged in an ice-water bath. After PEF pre-
treatment, the mannose was added into the sample with the
mannose to β-Lg mass ratio of 2 : 1. The blended solution was
lyophilized, and then incubated at 55 °C and 0.79% relative
humidity for 4 h. After stopping the reaction by placing into
the freezer, the remaining mannose was removed by using
ultracentrifugal filters (molecular weight cut off 3000 Da).
Finally, the sample was adjusted to 1 mg mL−1 and stored at
4 °C for less than 48 h. Native β-Lg was used as the blank
control and was named β-Lg-N. The sample without mannose
heated under the same glycation conditions was used as
another control and was named β-Lg-H. The β-Lg treated at 25
kV cm−1 for 60 μs was named β-Lg-P. Native β-Lg glycated with
mannose was named β-Lg-M and β-Lg pretreated at 25 kV cm−1

for 60 μs glycated with mannose was named β-Lg-PM. The PEF
treatment time (t ) was calculated as follows:23

t ¼ n� V � f �W
v

ð1Þ

where n is the number of treatment chambers, V is the volume
of a chamber (mL), f is the pulse repetition rate (pulses per
second, Hz), W is the pulse width (μs) and v is the flow rate
(mL s−1). In this study, f was 30 Hz and W was 5 µs. The flow
rate was 0.25 mL s−1.

2.3. Preparation of antisera against β-Lg

Polyclonal antisera against β-Lg were produced from six
Japanese male rabbits (3-month-old, about 2.0 kg), which were
immunized via ear venous injection with 1 mg of native β-Lg
emulsified with an equal volume of Freund’s complete adju-
vant for the first time, and then were re-stimulated four times
at one week intervals by injection with the same amount of
β-Lg emulsified with an equal volume of Freund’s incomplete
adjuvant. The antiserum titer was monitored by performing
indirect enzyme-linked immunosorbent assay (ELISA). When
the titer value was over 10 000, the rabbits were bled to obtain
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the antisera, which were centrifuged (4000g, 10 min, 25 °C)
and stored at −80 °C until use.

Human sera were collected from eight patients with a docu-
mented clinical history and a positive skin prick test to cow’s
milk (details are shown in Table 1). The specific IgE levels
varied from 9.58 kUA L−1 to 96.6 kUA L−1. All serum samples
were provided by PlasmaLab International (Everett, WA) and
stored at −80 °C. They were put together to a sera pool and the
titer was monitored by indirect ELISA before use. The IgE level
of the mixed sera pool of CMA patients was 53.7 kUA L−1. All
experiments involving animals and human subjects were per-
formed in compliance with the NIH guidelines and was
approved by the Animal Care and Use Committee of Nanchang
University [Permission No. SCXK(Gan)-2014-0005] and the
Internal Ethical Committee of First Affiliated Hospital of
Nanchang University. All participants provided written
informed consent.

2.4. Indirect competitive ELISA

According to the method of Yang et al.,24 the IgG and IgE
binding abilities of β-Lg were estimated by indirect competitive
ELISA with rabbit polyclonal antisera and CAM patients’ anti-
sera, respectively. Firstly, the 96-well microplate was coated
overnight at 4 °C with native β-Lg (100 μL per well, 2 μg mL−1).
After washing with PBST (0.05% Tween-20 in PBS, pH 7.4), it
was blocked by using pig gelatin (300 μL per well, 10 mg mL−1)
for 1 h at 37 °C. Subsequently, 50 μL of either standard β-Lg
(0.25, 1, 4, 16 and 32 μg mL−1) or diluted β-Lg samples and
50 μL of pooled rabbit antisera (diluted to1 : 12 800) or pooled
CAM patients’ antisera (diluted to 1 : 8) were added and
incubated for 30 min at 37 °C. After washing, 100 μL of goat
anti-rabbit IgG-HRP conjugate or goat anti-human IgE-HRP con-
jugate (diluted to 1 : 5000) was added and incubated for 30 min
at 37 °C. Then it was colored with 100 μL of TMB solution by
incubation for 15 min at 37 °C. Finally, the reaction was
stopped by adding 50 μL of 2 mol L−1 sulfuric acid and the
absorbance was measured at 450 nm using an
HF2000 microplate reader (Huaan Magnech, Beijing, China).
The IgG/IgE-binding ability was calculated from a standard
curve of β-Lg with a linear logarithmic correlation in the range
of 0.25–32 μg mL−1. All analyses were carried out in triplicate,
and the averaged values were finally converted to concentration
equivalents in mg mL−1 by multiplying with the dilution factor.

2.5. ECD/FTICR-MS

Before MS, β-Lg samples were digested by trypsin. Firstly, 10 μg
of β-Lg samples were added into the Tris-HCl buffer (pH 7.5,
1 mol L−1) containing 6 mol L−1 guanidine, following by
adding 0.25 μL of 0.5 mol L−1 DTT with incubation for 30 min
at 37 °C. Then 0.5 μL of 0.5 mol L−1 iodoacetamide was added
and incubated in the dark for 30 min at room temperature.
After dilution (10-fold), 2 μL of 1 mg mL−1 trypsin was added
and incubated overnight at 37 °C. Finally, 2 μL of 10% formic
acid (FA) was added into the solution to stop digestion. After
digestion, 50 μL of sample solution was injected into a
BioSuite 3 μm C18 2.1 × 50 mm column (Waters, Milford, MA)
for HPLC, of which the flow rate was 0.2 mL min−1. The
mobile phase consisted of solvent A (0.1% FA in H2O) and
solvent B (100% acetonitrile containing 0.1% FA). After desalt-
ing for 5 min with 5% B, the peptides were eluted with a gradi-
ent of 5–50% B for 40 min, 60–80% B for 3 min, and 80% B for
2 min. The effluent was infused into the Bruker 7T-SolariX
FTICR-MS (Bruker Daltonics, Billerica, MA) and the peptides
were fragmented by ECD, using a pulse bias of 1.0 and a
pulsed length of 0.1 s, with an ionization energy of 1.0 eV. The
peptides were identified according to MS data, which were pro-
cessed using DataAnalysis, BioTools and SequenceEditor
(Bruker Daltonics, Billerica, MA).

The glycation extent of each peptide was determined by the
DSP (degree of substitution per peptide) value, which was cal-
culated as follows:25

DSP ¼
Pn

i¼0
i� Iðpeptideþi�mannoseÞ

Pn

i¼0
Iðpeptideþi�mannoseÞ

ð2Þ

where I is the sum of the intensities of the glycated peptides
and i is the number of mannose units attached to the peptide
in each glycated form.

2.6. Far-UV CD spectroscopy

A MOS-450 spectropolarimeter (Bio-Logic SAS, Claix, French)
was used to measure far-UV (190–240 nm) CD spectra, which
were obtained at a concentration of 0.1 mg mL−1 in 0.05 mol L−1

PBS with pH 7.4 at room temperature. The bandwidth, step
resolution and path length were all 1.0 mm, with a scan speed

Table 1 Information of CMA patients

No. Gender Age (year) Clinical symptoms Other allergies IgE (kUA L
−1)

1 Male 5 AS, EC Egg allergy 20.3
2 Male 1 AS Animal allergy 13.8
3 Female 20 HI, EC, RH Animal allergy 96.1
4 Female 3 AS, HI Wheat allergy 94.8
5 Male 27 HI, NW Most food allergy 9.58
6 Female 47 HI, CW Most food allergy 93.1
7 Male 34 EC, RH Honey allergy 24.7
8 Female 2 AS, NW None 96.6

AS, asthma; HI, hives; EC, eczema; RH, rhinitis; NW, nose wheezing; CW, chest wheezing.
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of 100 nm min−1. The data were shown as the mean residue
ellipticity ([θ], deg cm2 dmol−1), and the contents of secondary
structures were calculated using DichroWeb (http://dichroweb.
cryst.bbk.ac.uk/html/home.shtml).

2.7. UV absorption spectroscopy

UV absorption spectra were obtained using a UV-2910 spectro-
photometer (Hitachi, Tokyo, Japan). The β-Lg samples
(0.5 mg mL−1) were scanned from 240 nm to 320 nm at a scan
speed of 800 nm min−1.

2.8. Surface hydrophobicity

According to the method of Matulis and Lovrien,26 ANS was
used as a probe to measure the surface hydrophobicity of β-Lg
samples. The ANS solution (0.008 mol L−1) was added into the
samples (0.25 mg mL−1, 0.5 mg mL−1 and 1.0 mg mL−1) with a
volume ratio of 200 : 1. The samples were scanned from
400 nm to 600 nm at a speed of 1200 nm min−1, with an exci-
tation at 390 nm. The surface hydrophobicity of the samples
was defined as the initial slope of the fluorescence intensity
versus the protein concentration plot, which was calculated by
linear regression analysis.

2.9. Statistical analysis

All the experiments were carried out in triplicate and the
results were presented as the mean value ± standard deviation
(SD). The analysis was performed using SPSS 19.0 (SPSS Inc.,
Chicago, IL) and Origin-Pro 2017 (OriginLab Corp.,
Northampton, MA).

3. Results
3.1. IgG and IgE binding ability analysis

Fig. 1 shows the changes in the IgG and IgE binding of β-Lg
samples treated under different conditions. As shown in
Fig. 1A, dry-heated β-Lg (β-Lg-H) exhibited almost the same
IgG binding ability as native β-Lg (β-Lg-N), whereas the PEF
treated sample (β-Lg-P) had much higher (increased by about
70%) IgG binding ability than native β-Lg. Nevertheless, the
glycated β-Lg without PEF pretreatment (β-Lg-M) showed
around half of the IgG binding ability of native β-Lg while the
glycated sample with PEF pretreatment (β-Lg-PM) displayed
only about 15% of IgG-binding of native β-Lg. Interestingly, a
similar trend was observed in Fig. 1B. The IgE binding ability
of the dry-heated sample (β-Lg-H) was equivalent to that of the
native β-Lg (1.05 mg mL−1), whereas it increased by approxi-
mately 50% after PEF treatment at 25 kV cm−1 for 60 μs.
However, it reduced by nearly 35% after glycation with
mannose and further decreased to almost 25% after glycation
with PEF pretreatment.

3.2. Glycation site determination

The peptide mapping of native β-Lg by ECD/FTICR-MS is dis-
played in Table S1,† which showed that the sequence coverage
was 98.1%. Theoretically, if a peptide is glycated with one

mannose molecule, the mass will increase 162.0528 Da,
reflecting in an m/z shift of 81.0264, 54.0176, 40.5132 and
32.4106, respectively, at 2, 3, 4 and 5 charges, accordingly.
Likewise, glycation with two and three mannose molecules will
double and triple the m/z shift, respectively. As shown in
Fig. 2A, the m/z of the unglycated peptide 125–138 was
545.92953+ while the corresponding m/z of its glycated pep-
tides were 599.94683+ and 653.96393+ with an m/z shift of
54.0173 and 108.0344, respectively, indicating that it had
mono-glycated and dual-glycated peptides. Fig. 2B exhibits the
ECD MS/MS spectrum of the mono-glycated peptide with an
m/z of 599.94683+, which showed a series of c and z ions. The
glycation site, K135, was determined by the mass difference
between c10 and c11 ions, or between z3 and z5, which was the
combined mass of lysine and mannose. However, according to
the ECD MS/MS spectrum of this peptide with an m/z of
653.96393+ (shown in Fig. 2C), K135 reacted with two mannose
molecules. It indicated that one glycation site was added by
two mannose molecules. Interestingly, a similar phenomenon
was observed in peptides 84–101 (shown in Fig. 3). As shown
in Fig. 3A, there were three glycated types in peptides 84–101,
including the mono-glycated, dual-glycated and trinal-glycated

Fig. 1 IgG (A) and IgE (B) binding abilities of β-Lg samples were deter-
mined by inhibition competitive ELISA. Letters (a–d) in the bars mean
significantly different (p < 0.05).
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with m/z values of 564.05134+, 604.56454+ and 645.07764+,
respectively. The ECD MS/MS spectra in Fig. 3B, Fig. 3C and D,
respectively, determined the glycated sites K91, K91 & K100
and K100 & K91 with double mannose.

Likewise, other glycation sites, including L1, K8, K14, K47,
K60, K69, K70, K75, K77, K83, K138 and K141, were deter-
mined by ECD MS/MS (as shown in Fig. S1†). Table 2 displays

Fig. 2 Determination of glycation sites in glycated peptides 125–138.
(A) Mass spectrum of peptides 125–138 with one glycation site. (B) ECD
MS/MS spectrum of the mono-glycated peptide with an m/z of
599.54683+. (C) ECD MS/MS spectrum of the dual-glycated peptide with
an m/z of 653.96393+. The sequence of each peptide is shown in the
top of the figure. The mass differences are indicated with numbers and
arrows. The determined glycation sites are highlighted by blue color and
indicated by an arrow with a symbol, in which “mannose” and
“mannose*2” mean that the glycation site is added by one and two
mannose molecules, respectively. The c and z ions are indicated by the
numbers and lines.

Fig. 3 Determination of glycation sites in glycated peptides 84–101. (A)
Mass spectrum of peptides 84–101 with multiple glycation sites. (B) ECD
MS/MS spectrum of the mono-glycated peptide with an m/z of
564.05134+. (C) ECD MS/MS spectrum of the dual-glycated peptide with
an m/z of 604.56454+. (D) ECD MS/MS spectrum of the trinal-glycated
peptide with an m/z of 645.07764+. The sequence of each peptide is
shown in the top of the figure. The mass differences are indicated with
numbers and arrows. The determined glycation sites are highlighted by
blue color and indicated by an arrow with a symbol, in which “mannose”
and “mannose*2” mean that the glycation site is added by one and two
mannose molecules, respectively. The c and z ions are indicated by the
numbers and lines.
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the amount of glycation sites of glycated β-Lg with and without
PEF pretreatment. The glycated β-Lg without PEF pretreatment
had twelve glycation sites, including K47, K60, K69, K70, K75,
K77, K83, K91, K100, K135, K138 and K141. However, three
additional glycation sites (L1, K8 and K14) and three glycation
sites (K47, K91 and K135) added with double mannose mole-
cules were found in glycated β-Lg with PEF pretreatment.

3.3. Glycation extent analysis

The glycation extent of the protein was evaluated by the
number of glycation sites and the glycation extent per glyca-
tion site. The result in Table 2 shows that PEF pretreatment
increased three glycation sites (L1, K8 and K14). However, it is
necessary to calculate the DSP to evaluate the glycation extent
of the glycated β-Lg samples. The DSP values of all the glycated
peptides produced from glycated β-Lg with and without PEF
pretreatment are shown in Fig. 4. Based on the DSP value, K91

and K100 of peptides 84–101 were the most reactive mannose
glycation sites in native β-Lg with a DSP value of 0.7.
Nevertheless, the DSP value further increased to almost 1.0
after PEF pretreatment at 25 kV cm−1 for 60 μs. Fig. 4 displays
that the DSP values were significantly increased by PEF pre-
treatment as a whole. Moreover, some peptides (1–14 and
9–40) were unglycated in the native form. However, they had a
high DSP value (≥0.7) in the glycated sample with PEF pretreat-
ment at 25 kV cm−1 for 60 μs.

3.4. Secondary structure analysis

The changes in the secondary structure of β-Lg under different
conditions are shown in Table 3. No significant differences
(p < 0.05) in the secondary structure were observed after dry-
heating at 55 °C for 4 h without mannose. However, after PEF
treatment at 25 kV cm−1 for 60 μs, the α-helix content of β-Lg
decreased while the β-sheet content increased. Furthermore,
after glycation with mannose, the α-helix and β-sheet contents
of β-Lg increased from 53.0% (β-Lg) to 60.1% (β-Lg-M) while
the β-turn and random coil contents decreased from 47.0%
(β-Lg) to 39.9% (β-Lg-M). Moreover, PEF pretreatment induced
a further increase of α-helix and β-sheet contents and an
additional decrease of β-turn and random coil contents.

Table 2 The glycated peptides of β-Lg by glycation with and without PEF pretreatment

Peptide location m/z (glycated) Δm (ppm) Sequencea Glycation siteb

1–14 583.99263+ −1.89 (−)LIVTQTMKGLDIQK(V) L1
1–14 638.01023+ −1.41 (−)LIVTQTMKGLDIQK(V) L1, K8
9–40 881.70324+ −2.27 (K)GLDIQKVAGTWYSLAMAASDISLLDAQSAPLR(V) K14
41–60 825.77463+ −0.97 (R)VYVEELKPTPEGDLEILLQK(W) K47
41–60 879.79213+ −1.02 (R)VYVEELKPTPEGDLEILLQK(W) **K47
41–70 774.59065+ −3.95 (R)VYVEELKPTPEGDLEILLQKWENGEC*AQKK(I) K60, K69
61–75 533.01804+ −0.23 (K)WENGEC*AQKKIIAEK(T) K69, K70
71–91 569.10985+ −1.06 (K)IIAEKTKIPAVFKIDALNENK(V) K75, K77, K83
84–101 604.56454+ −1.16 (K)IDALNENKVLVLDTDYKK(Y) K91, K100
84–101 645.07764+ −1.24 (K)IDALNENKVLVLDTDYKK(Y) **K91, K100
125–138 599.94683+ −1.00 (R)TPEVDDEALEKFDK(A) K135
125–138 653.96393+ −1.68 (R)TPEVDDEALEKFDK(A) **K135
125–141 568.77894+ −1.23 (R)TPEVDDEALEKFDKALK(A) K135, K138
125–141 609.58914+ −1.15 (R)TPEVDDEALEKFDKALK(A) **K135, K138
139–148 437.91813+ −3.89 (K)ALKALPMHIR(L) K141

a C* means the alkylated cystine residue by iodoacetamide. bDouble-star (**) indicates the glycation site added by two mannose molecules. The
increased glycation sites and double-mannose-added glycations sites in glycated β-Lg with PEF pretreatment are displayed in bold.

Fig. 4 DSP values of glycated peptides of glycated β-Lg with and
without PEF pretreatment. Means with different letters (a and b) in the
bars are significantly different (p < 0.05).

Table 3 The content (%) of secondary structures of β-Lg treated under
different conditions

Samples α-Helix β-Sheet β-Turn Random coil

β-Lg-N 13.7 ± 0.5a 39.3 ± 0.3a 19.1 ± 0.5a 27.9 ± 0.4a

β-Lg-H 13.4 ± 0.2a 39.8 ± 0.5a 18.7 ± 0.3a 28.1 ± 0.7a

β-Lg-P 11.0 ± 0.2b 41.7 ± 0.5b 19.8 ± 0.2a 27.5 ± 0.7a

β-Lg-M 19.3 ± 0.5c 40.8 ± 0.8b 16.1 ± 0.4b 23.8 ± 0.6a

β-Lg-PM 20.8 ± 0.4d 41.9 ± 0.4b 15.0 ± 0.7b 22.3 ± 0.3c

Values followed by different letters (a–d) in the same column are
significantly different (p < 0.05).
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3.5. Tertiary structure analysis

The changes in the UV absorption spectra of β-Lg samples
under different conditions are shown in Fig. 5A. Compared to
native β-Lg, the sample dry-heated without mannose had a
very slight increase in the maximum UV absorbance at
280 nm, whereas β-Lg with PEF treatment at 25 kV cm−1 for
60 μs had an obvious increase from 0.47 (β-Lg) to 0.51 (β-Lg-P).
Moreover, the glycated samples showed much higher
maximum UV absorbance at 280 nm than native β-Lg, whereas
the glycated β-Lg with PEF pretreated at 25 kV cm−1 for 60 μs
had the highest value (0.58) of maximum UV absorbance at
280 nm. Fig. 5B depicts the changes in the surface hydropho-
bicity of β-Lg treated under different conditions. The surface
hydrophobicity of β-Lg dry-heated without mannose was
almost the same as native β-Lg. However, it significantly
increased after PEF pretreatment at 25 kV cm−1 for 60 μs.
When β-Lg was glycated with mannose, the surface hydropho-
bicity decreased from 1703 (β-Lg-N) to 1489 (β-Lg-M).

Moreover, it further decreased to 1250 after glycation with PEF
pretreatment.

4. Discussion

Glycation, which extensively occurs during food storage and pro-
cessing, has been used to reduce the allergenicity of proteins by
modifying the allergenic epitopes via a covalent bond between
proteins and reducing sugars. However, the reduction extent of
allergenicity is insufficient due to the limited glycation degree.
Previous research indicated that PEF could make proteins, such
as OVA, BSA and lysozyme, partially unfolded,17,20,27 which may
be conducive to the improvement of glycation. Therefore, the
effect of PEF pretreatment combined with glycation on the IgG/
IgE-binding ability and the structure of β-Lg was investigated in
this work. The results showed that PEF pretreatment combined
with glycation significantly reduced the IgG and IgE binding
abilities, which were closely related to the structural changes of
β-Lg. We hypothesized that the masking of linear epitopes
caused by the modification of the acid amino sequence was the
dominant mechanism for the decreased IgG- and IgE-binding
ability of β-Lg, and the destruction of conformational epitopes
that resulted from structural changes was the subordinate
reason for the reduction.

To provide further insight into the mechanism of reduced
IgG/IgE-binding ability by PEF pretreatment combined with
glycation, ECD/FTICR-MS was applied to characterize the
structural changes at the molecular level. As we know, the
main glycation sites in proteins are lysine, arginine, and the
N-terminus. There are nineteen potential glycation sites in
β-Lg, including one N-terminal Leu, fifteen Lys and three Arg.
Prior to PEF pretreatment, twelve glycation sites were identi-
fied, while the number of glycation sites was increased to
fifteen after pretreatment (shown in Fig. 6). The result con-
forms with the findings from a previous study,28 in which the
glycation sites (L1, K8 and K14) were not observed in the gly-
cated native β-Lg. Moreover, the glycation extent of β-Lg was
overall improved by PEF pretreatment (shown in Fig. 4).

Fig. 6 Solid ribbon diagram of the glycated β-Lg (PDB 1BSQ). (A) The
glycated β-Lg without PEF pretreatment. (B) The glycated β-Lg with PEF
pretreatment. The glycation sites are colored as follows: grey, frame-
work of β-Lg; red, glycation sites of the native β-Lg; magenta, additional
glycation sites of the β-Lg after PEF treated at 25 kV cm−1 for 60 μs;
blue, the glycation sites had two mannose molecules.

Fig. 5 The changes in the UV absorption (A) and surface hydrophobicity
(B) of β-Lg samples. Means with different letters (a and b) in the bars are
significantly different (p < 0.05).
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Typically, β-Lg exists as a dimer through non-covalent (such as
hydrophobic and electrostatic interactions) in the native state,
making some glycation sites hardly modified by mannose.29

PEF treatment partially unfolded the structure of β-Lg by
destroying these interactions via continuous electric fields,
leading to the exposure of some glycation sites and finally
improving the glycation. To date, the linear IgG and IgE epi-
topes of β-Lg have been identified by different methods.6,7,30–33

It is summarized that the linear IgG and IgE epitopes spread
through the whole amino acid sequence of β-Lg. To ensure the
universality of IgG and IgE epitopes, in this work, the pooled
antisera were obtained from six rabbits and eight CAM
patients, of which the patients’ age and allergy symptoms are
different (shown in Table 1). The modification of glycation
sites resulted in the masking of linear IgG and IgE epitopes via
covalent attachment,34 making them unrecognized by IgG and
IgE, and finally reducing the IgG and IgE binding abilities of
β-Lg. Thus, PEF pretreatment combined with glycation unam-
biguously decreased the IgG/IgE-binding ability of β-Lg by
masking the IgG and IgE epitopes through covalent binding
with mannose, and PEF pretreatment promoted the reduction
of IgG and IgE binding abilities by improving the glycation
degree.

Unexpectedly, three glycation sites (K47, K91 and K135)
added by two mannose molecules were observed in the gly-
cated β-Lg after PEF pretreatment. Maillard-type glycation
could produce the reactive intermediates,35 which may react
with mannose under alkaline conditions. PEF treatment could
change the electrostatic environment of protein molecules,27

which may make it conducive to the production of reactive
intermediates during the Maillard reaction. The addition of
two mannose molecules in one glycation site caused steric hin-
drance that made IgG and IgE more difficult to recognize their
linear epitopes of β-Lg. Therefore, the IgG/IgE-binding capacity
of β-Lg was further dramatically reduced by PEF pretreatment
combined with glycation.

Furthermore, to comprehensively understand the mecha-
nism of decrease in the IgG and IgE binding of β-Lg by PEF
pretreatment combined with glycation, the conventional spec-
trometry was used to measure the structural changes at the
macro level. Glycation could make the conformation of pro-
teins more stable at the expense of β-turn or unordered struc-
tures.36 Accordingly, the content of α-helix and β-sheet struc-
tures was increased while that of β-turn and unordered struc-
tures was decreased. Besides this, glycation could cause
exposure of Trp15 and lead to an obvious increase of UV absor-
bance at 280 nm. Meanwhile, it could mask some hydrophobic
groups by amino acid residue modification through the
covalent attachment of mannose37,38 and cause a significant
decrease of surface hydrophobicity. The reduction in the
surface hydrophobicity resulted in the harder binding of IgG
or IgE with the protein because the hydrophobicity interaction
is the main action force that maintains the binding.39

However, no shift of maximum UV absorbance was observed,
suggesting that glycation partially unfolded the β-Lg structure
and made aromatic amino acid (mainly Trp) residues exposed

on the surface of the β-Lg molecule. The partial unfolding of
the β-Lg structure may result in the damage of conformational
IgG and IgE epitopes and lead to the reduction of IgG and IgE
binding of β-Lg. PEF intensified the changes in the secondary
and tertiary structures of β-Lg by improving glycation and
further decreased the IgG/IgE-binding ability. Therefore, the
destruction of conformational epitopes caused by PEF pretreat-
ment combined with glycation was another reason for the
reduction of IgG/IgE-binding of β-Lg, and declined surface
hydrophobicity also contributed to the decrease.

In addition, the results also indicated that dry-heating at
55 °C for 4 h had an inconspicuous influence on the IgG/IgE-
binding capacity, which resulted from the insignificant
changes in the secondary and tertiary structures of β-Lg. It may
be caused by the movement limitation of β-Lg molecules due
to the low water activity. Similar results were found in a pre-
vious study,40 in which the OVA almost retained the secondary
and tertiary structures after dry-heating at 80 °C for 7 days.
However, PEF treatment at 25 kV cm−1 for 60 μs obviously
increased the IgG- and IgE-binding ability of β-Lg. PEF made
the structure of β-Lg partially unfolded, reflecting in the
decrease in α-helix content and the increase in β-sheet
content, UV absorbance intensity and surface hydrophobicity.
The result conformed with the findings from some research
studies,23,41 wherein they showed that PEF treatment
decreased the α-helix structure and increased the β-sheet struc-
ture, UV absorbance and ANS-fluorescence intensity of peroxi-
dase and lysozyme. The reduction of the α-helix structure may
be attributed to the susceptible influence by a high electric
field due to its dipole moment.42 The partial unfolding caused
by PEF treatment may result in the exposure of linear and con-
formational IgG/IgE epitopes originally buried in molecules.
Although the conformational epitopes may be destroyed by the
partial unfolding, the exposure of linear and conformational
IgG/IgE epitopes was more than the destruction of confor-
mational epitopes. Thus, dry-heating at 55 °C for 4 h hardly
changed the IgG- and IgE-binding ability of β-Lg, whereas PEF
treatment at 25 kV cm−1 for 60 μs markedly enhanced them.

In conclusion, this work provided a comprehensive under-
standing of the mechanism of reduction in the IgG/IgE-
binding ability of β-Lg by PEF pretreatment combined with gly-
cation. It was shown that PEF pretreatment combined with gly-
cation significantly decreased the IgG and IgE binding of β-Lg.
Moreover, PEF pretreatment promoted the reduction of IgG
and IgE binding abilities by improving glycation. In addition,
the results indicated that PEF treatment at 25 kV cm−1 for
60 μs dramatically increased the IgG/IgE-binding capacity by
partially unfolding the structure of β-Lg. The result also
demonstrated that ECD/FTICR-MS is a powerful tool for ana-
lyzing the protein modifications at the molecular level.
Therefore, PEF pretreatment combined with glycation may
provide an alternative method for β-Lg hyposensitization.
However, in the future, other experiments in vivo, such as
double-blind placebo-controlled (DBPC) trials should be used
to further prove the reduced allergenicity by PEF pretreatment
combined with glycation.
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