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TG-catalyzed glycosylation with a-TM; a-TMX, glycation with a-TM and xylose.
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Abstract

The subunit of tropomyosin (a-TM) from Haliotis discus hannai is an important
allergen. The methods to reduce the immunoreactivity of a-TM are worth investigating.
Thus, this study confirmed the reacted conditions of a-TM with transglutaminase (TG)-
catalyzed cross-linking reaction, TG-catalyzed glycosylation, and glycation. Three
processing technologies reduced significantly the contents of a-helix and hydrophobic
force of a-TM and increased the surface hydrophobicity. A serological experiment
confirmed that the glycated o-TM with xylose showed the lowest 1gG/IgE-binding
capacity. The inhabitation dot blot displayed that five epitope peptides could bind with
the site-specific IgE prepared by the glycated a-TM. Three in nine glycated sites (M68,
N202, and N203) were verified to modify two epitopes (L-HTM-3 and L-HTM-7) of
a-TM, which affected the immunoreactivity of a-TM during glycation. These results
indicated that glycation would be desired for developing hypo-allergenic abalone

products.

Key words: Epitope peptides; Haliotis discus hannai; Immunoreactivity; Processing

technologies; Structure of a-helix; Tropomyosin
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1 Introduction

Shellfish allergy is a typical reaction mediated by Immunoglobulin (Ig) E (Anvari,
Miller, Yeh, & Davis, 2019). Shellfish allergy could lead to adverse immune responses
in respiratory, digestive, and nervous systems (Ho, Wong, & Chang, 2014). As a pan-
allergen, tropomyosin (TM) displayed the coiled-coil structure composed by two
subunits (Costa et al 2022), presenting a molecular weight (MW) around 34-38 kDa
(Faber et al., 2017). TM has been identified in both crustaceans (crab, prawn, lobster)
and molluscans (oyster, snail, abalone, squid) (Suh, Kim, Kim, Kim, & Kim, 2020;
Costa et al., 2022). Recently, the subunit of TM (a-TM) and supercoil of TM (a,-TM)
were identified from Haliotis discus hannai (Ji et al., 2021). However, there is no
efficient approach to eliminate or reduce its immunoreactivity.

Most studies focused on processing the purified TM, which is easier to explore the
reason for the change in immunoreactivity. However, traditional approaches are hard
to reduce allergenicity, like boiling, frying, and freezing (Faisal, Vasiljevic, & Donkor,
2018; Liuetal., 2021). a-TM was more heat-resistant than a,-TM (Ji et al., 2021). Thus,
the hypo-immunoreactivity by processing with the purified a-TM from H. discus
hannai is worthy of study. There are many processing technologies to change the
immunoreactivity of TM. Tyrosinase/caffeic acid, laccase/caffeic acid,
transglutaminase (TG) cross-linking, TG-catalyzed glycosylation, and glycation could
decrease the IgG/IgE-binding capacity of shrimp TM (Ahmed et al., 2020; Ahmed et
al., 2021; Yuan, Lv, Li, Mi, Chen, & Lin, 2016; Zhang, Li, Xiao, Nowak-Wegrzyn, &
Zhou, 2020). The above processing methods might be potent approaches to change the
allergenicity of TM from abalone.

The secondary structure of TM consisted of a-helix. Many studies had shown that
the antigenicity of TM was reduced after processing when the content of a-helix was

4
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decreased (Yuan, Lv, Li, Mi, Chen, & Lin, 2016; Zhang, Xiao, Zhang, & Zhou, 2018).
The structure of TM was unfolded after high hydrostatic pressure (Jin, Deng, Qian,
Zhang, Liu, & Zhao, 2015). The hydrophobicity of crab TM was increased by the
glycation with arabinose (Han, et al., 2018). The absolute value of the zeta potential is
25-30 mV, which is the threshold for the stability of the protein solution (Thaiphanit,
Schleining, & Anprung, 2016). However, the structure changes of o-TM after
processing are still unknown. The relationship between the structure and
immunoreactivity of a-TM is also needed to explore.

An antigenic epitope is a basis for activating the individual’s immune system and
resulting in the allergy (Liu, & Sathe, 2018). Xi & He (2020) found the destroyed
epitopes of Gly m Bd 60 K by the site-specific IgG and phage display technology. The
higher frequency of amino acids (Lysine, Proline, Glycine, Alanine, and Threonine) on
epitopes are responsible for the bends or flexibility in the epitope region, which is
related to the allergenicity (Yang et al., 2019). Han et al. (2018) and Bai et al. (2021)
found that the allergenicity of TM from crab and scallop was decreased after glycation.
The modified sites (Arginine and Lysine) were located on the epitopes of TM, which
indicated that alternation of epitopes was related to allergenicity during glycation (Han
et al., 2018; Bai et al., 2021). The affected epitopes and the modified amino acids of

the processed a-TM will be the focus.

Thus, this work aimed to explain the effects of the TG-catalyzed cross-linking
reaction, TG-catalyzed glycosylation, and glycation on the immunoreactivity of a-TM
in H. discus hannai. o-TM was purified to prepare three processed products. The
structure, IgG/IgE-binding capacity, and identification of modified sites would

characterize the effects on a-TM after the TG-catalyzed cross-linking reaction, TG-
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catalyzed glycosylation, and glycation. This study might provide a new perspective on

the desensitization of H. discus hannai-induced allergy.

2 Material and methods

2.1 Materials

Live H. discus hannai were purchased from Jimei Market (Xiamen, Fujian, China)
and sacrificed immediately. The TG, glucose (Glu), fructose (Fru), arabinose (Arab),
xylose (Xyl), and galactose (Gal) were purchased from Macklin (Shanghai, China). The
glucosamine (GlcN) was purchased from Sigma-Aldrich (St Louis, Missouri, USA).
The rabbit anti-H. discus hannai TM polyclonal antibody was prepared in our
laboratory before (Ji et al., 2021). Horseradish peroxidase-labeled goat anti-human IgE
antibody and horseradish peroxidase-labeled anti-rabbit IgG antibody was purchased

from Southern Biotech (Birmingham, Alabama, USA).

2.2 Human sera

Sera were obtained from the Women and Children’s Hospital Affiliated to Xiamen
University (human ethical approval No. KY-2019-014, Xiamen, Fujian, China). The
abalone-sensitized patients were selected based on both a positive IgE test (5, 2 0.35
kU/L) to shrimp extracts and their clinical history related to abalone. The optical density
(OD) at 450 nm 2 0.10 to a-TM was defined as positive (Table 1) by enzyme-linked
immunosorbent assay (ELISA). Signed informed consent was obtained from all
individuals. Sera from 10 abalone-sensitized patients and 2 healthy people (No. 1 ~ 12)

were stored at -80 °C until further use.

2.3 Preparation of a-TM and three processed products
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The H. discus hannai was slaughtered with a knife to remove the shell. The muscle
was sliced to purify a-TM according to the previous method by Ji et al. (2021). Then,
a-TM was treated by TG-catalyzed cross-linking, TG-catalyzed glycosylation, and
glycation as previously reported with some modifications (Ahmed et al., 2021; Yuan,
Lv, Li, Mi, Chen, & Lin, 2016; Bai et al., 2021). The steps of purification of a-TM and
optimization of the three processing technologies were shown in “Method” section of
Supporting Information.

All the products were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), Western blot, average particle size, and zeta potential.
The average particle size and zeta potential were measured using the Zetasizer Nano
Series Nano-ZS (Malvern Instruments Ltd, Malvern, Worcestershire, UK) and analyzed
by Malvern Mastersizer software according to the method of Liu et al. (2019). The

sample was scanned 20 times in once, and repeated thirdly.

2.4 Comparison of the structure of a-TM and its processed products

The secondary structure and surface hydrophobicity of a-TM and three processed
products were analyzed (Bai et al., 2021). Briefly, the secondary structure f a-TM and
its processed products were measured using the Circular Dichroism spectrum (Applied
Photophysics, Ltd., Surrey, UK) and calculated by CDNN software. The measurement
of chemical bonds was performed according to Ji et al. (2021) to calculate the contents
of the ionic bond, hydrogen bond, hydrophobic force, and disulfide bond.

The UV absorption spectra are according to the method of Liu et al. (2021) with

some modifications. o-TM and three processed products were adjusted to 0.2 mg/mL
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to measure the absorbance at 200-500 nm. The absorbance at 294 nm, 320 nm, and 420
nm was used to analyze the degree of glycation. The type of glycan bond of a-TM after
processing was analyzed by Ruan et al. (2013). The processed products were treated
with NaOH for 16 h to measure the absorbance at 200-300 nm, and the processed

products without NaOH were control groups.

2.5 Comparison of the immunoreactivity of a-TM and its processed products

The specific 1gG/IgE-binding capacity of a-TM and three processed products were
detected as described by Shen et al. (2012). The rabbit anti-H. discus hannai TM
polyclonal antibody (1:1x10° dilution) and abalone-sensitized patients’ sera (1:3
dilution) was used as the primary antibody, respectively.

Furthermore, an inhibition ELISA was analyzed according to the method (Ji et al.,
2021). a-TM was incubated at the solid plate; a-TM or its processed products was
diluted into different concentrations to preincubate with the rabbit anti-H. discus hannai

TM polyclonal antibody.

2.6 Preparation of site-specific IgE and analysis of the ability to recognize epitope
peptides

The preparation procedure was according to the method of Xi & He (2020) with
slight modifications. An excess of processed (TG-catalyzed cross-linking, TG-
catalyzed glycosylation, and glycation) a-TM was added to the abalone-sensitized sera
pool to incubate at 4 °C overnight, and centrifugated (10000 g, 30 min, 4 °C) to remove
the precipitation. Then, the identified epitopes from Ji et al. (2021) were listed in

Supporting Information Table S2. The corresponding peptides were added to the
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supernatant as the primary antibody in the inhibition dot blot.

2.7 Identification of the modified sites of a-TM after glycation

The modified sites of the glycated a-TM were analyzed at Shanghai Bioprofile
Technology Company Ltd. Firstly, the glycated a-TM was hydrolyzed with trypsin and
then desalted by a C18 column, and then freeze-dried. The freeze-dried sample was
dissolved with Lectin mixture for 1 h and centrifugated (14000 g, 30 min, 4 °C). Then,
the sample was digested by PNGase F overnight at 37 °C and collected to lyophilize
again. The lyophilized sample was separated using the Easy nLC 1200 chromatographic
system (Thermo Scientific, Shanghai, China) for chromatographic separation and then
analyzed by Q-Exactive HF-X mass spectrometer (Thermo Scientific, Shanghai, China)
to DDA mass spectrometry (Liu et al., 2021). Finally, the data were matched with the

database by Proteome Discoverer software.

2.8 Statistical analysis

All data were analyzed three times and presented as means + standard deviation. The
statistical analysis was carried out using GraphPad Prism 8 software. A one-way
repeated-measures analysis of variance with Duncan’s multiple range test was applied
to determine significant differences between means. The threshold p-value for
significance was set at 0.05. The different letters (a, b, c, ...) were used to express the
significance when p < 0.05, and the same letter displayed there was no significance

between groups (p > 0.05).
3 Results

3.1 Determination of the optimal conditions of three processing technologies of a-

™
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The optimal conditions were explored (Supporting Information Fig. ST ~ S3). The
conditions of TG-catalyzed cross-linking, TG-catalyzed glycosylation, and glycation
we selected in this study were: a-TM reacted with 1000 U/g TG at 37 °C, pH 8.5 for 3
h. The product was named a-TMT (Supporting Information Fig. SIA ~ S1F). a-TM
and 50 U/g TG reacted with 1 mM GlIcN at 37 °C, pH 6.5 for 1 h. The product was
named a-TMGT (Supporting Information Fig. S2A ~ S2H). a-TM reacted with 0.6 mM
Xyl at 100 °C, pH 8.5 for 0.5 h. The glycation with a-TM was named o-TMX
(Supporting Information Fig. S3A ~ S3F).

Based on the confirmed conditions of the three processing technologies above, a-TM
and its processed products were prepared for analysis by SDS-PAGE and Western blot
(Fig. 1A and 1B). a-TMT and a-TMGT produced macromolecular substances > 180
kDa, whereas the MW of a-TMX increased slightly (Fig. 1A). The IgG-binding
capacity of a-TMT, a-TMGT, and a-TMX decreased (Fig. 1B). As shown in Fig. 1C,
the average particle size of a-TM was increased after three processing technologies,
which was corresponding with SDS-PAGE. Due to different MW of a-TM after being
processed, the average particle sizes of o-TM, o-TMT, a-TMGT, and o-TMX
performed significant differences (p < 0.05), which were 265.5+9.9 nm, 927.443.54 nm,
775.3+14.0 nm, and 321.5+14.4 nm, respectively. The zeta potential of a-TM, a-TMT,
a-TMGT, and a-TMX ranged from -10 mV to -25 mV (Fig. 1D). There was significant
difference (p < 0.05) among the zeta potential of a-TM, a-TMT, a-TMGT, and a-TMX.
However, it was no significance (p > 0.05) between a-TM and a-TMX, which indicated
that a-TMX was as stable as a-TM in solution.

3.2 Secondary structure, surface hydrophobicity, and chemical bond analysis of
a-TM and its processed products

The secondary structure of a-TM was mainly comprised of a-helix (Fig. 2A). Three
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processing technologies had a noteworthy effect on the secondary structure of a-TM.
The content of a-helix of a-TM was decreased significantly (p < 0.05) to 60.1£1.1%,
53.542.9%, and 42.0+2% respectively. The content of B-sheet was increased
significantly (p < 0.05) to 5.6+0.8%, 6.4+1.5%, and 11.942.1% respectively. The
content of B-turn was increased significantly (p < 0.05) to 14.4+0.7%, 15.5+0.7%, and
17.240.7% respectively. The content of the random coil was increased significantly (p
< 0.05) to 19.8+0.2%, 24.543.5%, and 28.8+1.6% respectively (Fig. 2B). Moreover,
the fluorescence intensity of the surface hydrophobicity of a-TMT, a-TMGT, and a-
TMX was higher than a-TM. The fluorescence intensity peak of a-TM was blue-shifted
after three processing technologies (Fig. 2C).

Fig. 2D showed that the principal chemical bond of a-TM was hydrophobic force.
Three processing technologies significantly reduced the content of hydrophobic force.
a-TMT performed the lowest hydrophobic force. The hydrogen bond content of a-TMT
was increased significantly (p < 0.05). The contents of the disulfide bond of a-TMT, a-
TMGT, and a-TMX were increased significantly (p < 0.05). The disulfide bond content
of a-TMGT was the highest. The spatial structure of a-TMX was maintained by
hydrophobic force and hydrogen bond, as a whole.

3.3 Analysis of the reacted degree and glycan bond type of a-TM after three
processing technologies

The wavelength scanning of a-TM and its processed products was measured using
UV absorption spectra (Fig. 2E). It was found that the highest absorption peak of a-
TMT, a-TMGT, and a-TMX performed a slight blue shift, and a new absorption peak
appeared at about 273 nm. The new absorption peak values were 9.13+0.05, 4.30+0.03,
and 7.91+0.01, respectively. To analyze the characteristic absorption peak of the
glycated a-TM at the primary, middle, and final periods, the optical density at 294 nm,
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320 nm, and 420 nm were visualized in Supporting Information Table S1. Compared
with a-TM, o-TMX was owned mainly by the primary products of glycation.
Meanwhile, after the NaOH treatment, the optical density of a-TMT and a-TMGT were
higher, which indicated that both a-TMT and a-TMGT were linked by the O-glycan
bonds (Fig. 2F and 2G). Oppositely,-the N-glycan bonds linked between a-TM and Xyl
during glycation (Fig. 2H).
3.4 Immunoreactivity analysis of a-TM and its processed products

Three processing technologies reduced significantly the IgG/IgE-binding capacity
(Fig. 3A). The IgG-binding capacity of a-TMT, a-TMGT, and a-TMX decreased by
25.9+0.5%, 25.6+4.7% and 37.9+0.4% respectively, and the IgE-binding capacity also
decreased by 43.5+£9.3%, 18.8+£1.0% and 70.1+10.4% respectively, when compared
with a-TM. Glycation can reduce the IgG/IgE-binding capacity of a-TM effectively (p
<0.05).

The inhibition rates of a-TM, a-TMT, a-TMGT, and a-TMX were shown in Fig. 3B.
It was found that the ICsy of a-TM, o-TMT, a-TMGT, and a-TMX were 0.16 pg/mL,
1.30 pg/mL, 10.55 pg/mL, and 40.24 ng/mL, respectively. The ICs, value of a- TM/a-
TMX was 251.5 times, which indicated o-TMX performed the Ilowest
immunoreactivity.
3.5 Analysis of the ability of site-specific IgE to recognize epitope peptides

a-TMT, a-TMGT, and a-TMX could only bind with part of IgE when o-TM could
bind with IgE most. The site-specific IgE showed a lower ability to bind with a-TM in
comparison to the IgE that was without any treatment (Fig. 4A). It was found that the
binding capacity of seven IgE linear epitope peptides to specific sera was different
through inhibition dot blot analysis (Fig. 4B). It would be proved that this epitope
peptide could bind with IgE whereas the processed products could not when the
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intensity of the dots on the membrane was weak. L-HTM-1 could bind with IgE, which
proved that part of L-HTM-1 of a-TMT was modified or destroyed. The intensity of
the dots on the membrane was weak when the peptides (L-HTM-1 and L-HTM-2) were
added to the site-specific IgE prepared by a-TMT. Glycation reduced the binding
capacity of L-HTM-2, L-HTM-3, L-HTM-4, L-HTM-6, and L-HTM-7 with site-
specific IgE.
3.6 Analysis of the amino acid frequency of linear epitopes and the whole protein

Fig. 4C showed that the content of Glutamate was the highest, followed by Alanine,
Leucine, and Lysine, with the analysis of the a-TM and verified epitopes (Supporting
Information Table S2). Meanwhile, Glutamine, Lysine, Asparagine, and Arginine were
relative-high distributed in epitope by heatmap analysis (Fig. 4D). These amino acids
might be modified after processing technologies.
3.7 Modification of a-TM specific amino acids after glycation

The modification of specific amino acids of a-TM was analyzed using EASY nLC
1200 and Q Exactive (Fig. SA). The methods to modify the amino acids by glycation
were as follows: Deamidated:180, Oxidation, and Carbamidomethyl. The glycated
sites were shown in Supporting Information Table S3. Nine amino acids (M13, N17,
N44, C50, N55, M68, N102, N202, and N203) were fully modified and five amino
acids (M8, N11, N25, C45, and N52) were not fully modified. The modified amino
acids were mapped to the three-dimensional (3D) structure of a-TM (Fig. 5B) to find
that L-HTM-1, L-HTM-3, and L-HTM-7 were modified-and the sites on epitopes were
N11, M13, N17, N25, M68, N202, and N203.
4 Discussion

Allergy to shellfish is common throughout life continuously and has a significant
effect on daily life (Sicherer, Warren, Dant, Gupta, & Nadeau, 2020). Abalone allergy
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has been a growing concern in recent years, and it is hard to avoid (Suzuki, Kobayashi,
Hiraki, Nakata, & Shiomi, 2011; Suh, Kim, Kim, Kim, & Kim, 2020). As a pan-allergen
in abalone, the allergic reaction to TM cannot be overlooked. The research of
processing technologies with hypo-immunoreactivity for TM from abalone is urgent
and instant.

The enzymic cross-linking reaction, enzyme-catalyzed glycosylation, and glycation
are promising approaches that can reduce the allergenicity of proteins from shellfish
(Ahmed et al., 2021; Yuan, Lv, Li, Mi, Chen, & Lin, 2016; Bai et al., 2021). However,
the type of reagent concentration, intrinsic characteristics of the allergen, reacted
temperature, time, and pH can decrease or increase the immunoreactivity to some extent
(He et al., 2020; Gupta, Gupta, Sharma, Das, Ansari, & Dwivedi, 2018). Met ¢ 1 was
incubated in 50 mM PBS (pH 7.4) at 37 °C for 12 h with 200 U/g TG, which resulted
in a reduction of 49.1% (IgG) and 63.4% (IgE) (Ahmed et al., 2020). Fu et al. (2019)
reduced the immunoreactivity of TM from Penaeus chinensis by optimizing the TG-
catalyzed cross-linking reaction of to confirm the conditions as follows: 1000 U/mg TG
with TM reacted at 37 °C for 16-24 h. Besides, Yuan et al. (2016; 2018) reported that
TG and GIcN are suitable for enzyme-catalyzed glycosylation to decrease the
immunoreactivity of protein. However, TG-catalyzed cross-linking reaction and TG-
catalyzed glycosylation had little effect on reducing the immunoreactivity of a-TM. It
was due to the short time during processing. TG-catalyzed cross-linking reaction and
TG-catalyzed glycosylation with a-TM was 3 h and 1 h, respectively. The reaction time
was selected to make the processed products safer, which was shorter than those of TM
from shrimp. Thus, it could be speculated that the more reaction time to be analyzed in
this study could perform the lower immunoreactivity, such as the processed TM from
shrimp. It was found that Arab, Glu, and Gal could also reduce the IgE reactivity of TM
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from shellfish with different processed conditions (Nakamura, Watanabe, Ojima, Ahn,
& Saeki, 2005; Fu, Wang, Wang, Ni, & Wang, 2019; Han et al., 2018). In this study,
immunoreactivity was reduced significantly (p < 0.05) for a-TM reacting with 0.6 mM
Xyl (pH 8.5) at 100 °C for 0.5 h, which was consistent with the result of TM from the
scallop (Bai et al., 2021). Both scallop and abalone belong to mollusks, TM from same
source might showed the similar processing result. It indicated that glycation with Xyl
might be suitable for decreasing the immunoreactivity of TM from oyster, clam, and
other mollusks.

The content of a-helix in a-TM was decreased significantly (p < 0.05) during
processing, especially in a-TMX. It was studied that the changes in the a-helix structure
could mediate the reduction of allergenicity (Gou, Liang, Huang, & Ma, 2022). Ara h
1 was cross-linked by TG, which was stabilized mainly by hydrogen bonds, and the
content of hydrophobic force was decreased (Tian, Liu, Xue, & Wang, 2020); this result
is consistent with a-TMT. TG-catalyzed cross-linking reaction would affect the
immunoreactivity of protein by changing the proportion of chemical bonds.
Interestingly, when the content of hydrophobic force decreased significantly (p < 0.05),
the hydrophobicity intensity increased; the two parameters were negatively correlated.
That may be due to the exposure of the intermolecular-hydrophobic groups during
processing. The absorption peak of a-TM performed a slight blue shift after three
processing technologies, which indicated that structural modifications or
conformational changes could have occurred (Liu et al., 2020). The displacement of
absorption has related to the exposure of chromophoric groups. The chromophoric
amino acids (Tyrosine, and Phenylalanine) were found in the sequence of a-TM. The
zeta potential of a-TMX was not significant with a-TM (p > 0.05), although a-TMX
performed the most obvious alternation in structure. Mahdavian, & Arash (2021) found
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that the surface hydrophobicity of GPPINPs increased while their solubility decreased.
The decreased solubility meant that the samples were not stable in solution and the
absolute value of zeta potential were low. The surface hydrophobicity intensity of a-
TMX showed the minimum increase. That may be the reason for the no significance
between o-TM and a-TMX, while there was significant among a-TM, a-TMT, and a-
TMGT.

The spatial structure is closely related to the allergenicity of proteins (Wai et al.,
2020). IgG/IgE-binding capacity is often used to assess the effect of the processing on
allergens (Zhang, Xiao, Zhang, & Zhou, 2018; Zhang, Li, Xiao, Nowak-Wegrzyn, &
Zhou, 2020). The IgG/IgE-binding capacity of a-TM was decreased, especially after
glycation. It was found that the content of a-helix decreased when the IgG/IgE-binding
capacity of a-TM was reduced, combined with the changes of structure. Although there
is no positive correlation between a-helix content and IgG/IgE-binding capacity, the
decrease of the a-helix structure may be one reason for the lowest IgG/IgE-binding
capacity of glycated a-TM. It could be concluded that the structure alternation might
influence the binding capacity between allergen and antibody. Thus, Xi et al. (2020)
prepared the site-specific IgG to confirm the destroyed epitopes. The same method of
preparation of site-specific IgE was used in this research. The IgG/IgE-binding capacity
remained when the epitopes existed in the processed allergen to bind with IgE
(Rahaman, Vasiljevic, & Ramchandran, 2016). Further analysis revealed that L-HTM-1
could bind with the site-specific IgE prepared by TG-catalyzed cross-linking to prove
being mainly modified or destroyed during TG-catalyzed cross-linking. Similar results
were found that L-HTM-1 and L-HTM-2 were mainly modified or destroyed during
TG-catalyzed glycosylation, and five epitope peptides were modified or destroyed
during glycation. Among them, L-HTM-4 and L-HTM-6 were the dominant linear
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epitopes due to their great capacity to bind with IgE (Ji et al., 2021); this suggested that
the loss of the IgE-binding capacity of important epitopes could result in weaker IgE-
binding capacity. The reduction of the proportion of a-helix changed the capacity of
epitopes to bind with IgE, and then decreased the immunoreactivity of a-TM.

Both the N-glycan and O-glycan were found in TM from Exopalaemon modestus
(Zhang, Xiao, Zhang, & Zhou, 2019). Interestingly, a-TM had the N-glycan bond after
glycation, whereas the O-glycan bond was found in o-TM after TG-catalyzed cross-
linking and TG-catalyzed glycosylation. The site of the N-glycan bond is Asparagine.
Nine modified sites (M13, N17, N44, C50, N55, M68, N102, N202, and N203) were
identified. The results indicated that the modified sites of glycation are not only Lysine
and Arginine. Not only that, three glycated sites were mapped on the L-HTM-3 and L-
HTM-7, and two epitope peptides suffered the binding capacity of the site-specific IgE.
Although M13 and M17 were located on L-HTM-1, there was no influence on the
binding capacity of the peptides with the site-specific IgE. That may be because M13
and M17 were not key amino acids on L-HTM-1.

Besides, many researchers found that sugar conjugation could reducing the
allergenicity of proteins by modifying the epitopes (Han et al., 2022; Bai et al., 2021).
Although TM from shellfish has a low homology (over 60%), Lysine and Arginine
displayed the same positions in the whole sequence. The number of the same sites
(Lysine and Arginine) was about 70% (Han et al., 2018; Han et al., 2022) in comparison
to the modified sites of TM from the crab after glycation with Arab or Gal. It could
deduce that the glycated a-TM might perform the same modified sites. Meanwhile, the
modified sites on the IgE epitopes of TM from scallop (glycated with Xyl) were K12,
R15, K28, K76, R125, R127, K128, R133, R140, K146, and K189 (Bai et al., 2021),
which were also on the sequence of a-TM. Another three epitopes could bind with the
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site-specific IgE that needs further confirmation. It was suggested the possible
destruction or modification of the IgE epitopes would influence its capacity to bind with
IgE by glycation. There was little research on identifying the modified sites after TG-
catalyzed cross-linking reaction and TG-catalyzed glycosylation. Most of the reported
modified amino acids by TG-catalyzed cross-linking were Glutamine and Arginine, and
by TG-catalyzed glycosylation was only Glutamine (Tian, Liu, Xue, & Wang, 2020)
which were located on epitopes. Hence, future research in our laboratory will also
concentrate on verifying the modified sites of a-TM after glycation, TG-catalyzed
cross-linking, and TG-catalyzed glycosylation using mass spectrometry. Meanwhile,
the hypo-allergenicity analysis and the oral tolerance of the processed products in vivo
using a mouse model is worthy of exploration.
5 Conclusion

In conclusion, not only the contents of a-helix were decreased, but also the surface
hydrophobicity of a-TM was increased by TG-catalyzed cross-linking, TG-catalyzed
glycosylation, and glycation. The glycated a-TM with Xyl performed the lowest
IgG/IgE-binding capacity. Five of seven epitope peptides could bind with the site-
specific IgE that was prepared by the glycated a-TM. Finally, nine specific amino acids
on glycated a-TM were verified. Three modified sites were located on two epitopes (L-
HTM-3 and L-HTM-7) to affect the IgE-binding capacity of a-TM to a certain extent.
The results provide new research methods for exploring hypoallergenic abalone, which

will be used for oral tolerance.
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Appendix A. Supplementary data

For additional experimental results, see Supplementary data. Optimization of TG-
catalyzed cross-linking reacted a-TM (Figure S1), optimization of TG-catalyzed
glycosylated o-TM (Figure S2), optimization of glycated o-TM (Figure S3),

characteristics absorption of a-TM and its processed products (Table S1), information
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Table 1. Age, sex, specific IgE levels, and symptoms of the abalone-sensitized patients.

Age Specific IgE of Specific IgE of a-TM
No. Sex Symptoms
(years) f; (KU/L) ¢ (OD 450 nm)®
1 33 F 25.53 0.19 Acute bronchitis
2 17 M 14.17 0.15 Eczema
3 9 F 19.66 0.15 Cough
4 32 M 5.61 0.16 Nausea and vomiting
5 29 M 12.72 0.14 Atopic dermatitis
6 27 F 9.81 0.17 Eczema
7 29 M 7.17 0.13 Urticaria
8 24 F 31.36 0.15 Lungs infected
9 18 F 3.91 0.17 Anaphylactic rhinitis
10 31 M 9.19 0.18 Cough
11¢ 22 F 0.11 0.06 -d
12¢ 18 M 0.19 0.07 -

@ A sera with specific IgE of f5, 2 0.35 kU/L is defined as potential-positive. ? A sera with OD 450

nm of a-TM = 0.10 is defined as abalone-sensitized sera, when the OD 450 nm of sera from

nonallergic individual is 0.06 or 0.07. ¢ A person was nonallergic individual. ¢ A nonallergic

individual was nonallergic symptom. M, male; F, female.
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Figure legends

Figure 1. Effects of three processing technologies on MW, average particle size, and zeta
potential of a-TM.

A-B: SDS-PAGE (A) and Western blot (B) assays of a-TM treated by TG-catalyzed crosslinking
reaction, TG-catalyzed glycosylation, and glycation, respectively.
Lane M: protein marker; lane 1: o-TM without treatment; lane 2: a-TM treated by enzymatic
crosslinking reaction; lane 3: a-TM treated by TG-catalyzed glycosylation; lane 4: a-TM treated by
glycation.

C-D: Average particle size (C) and zeta potential (D) analysis of a-TM treated by TG-catalyzed
crosslinking reaction, TG-catalyzed glycosylation, and glycation, respectively.
All data are presented as the means + standard deviation. The significance (p < 0.05) is precised as
different letters (a, b, c, and d). The average particle size and zeta potential of a-TM, a-TMT, a-
TMGT, and o-TMX were showed by white, green, blue, and black, respectively.
Figure 2. Effects on the structure of a-TM after three processing technologies.

A-B: Secondary structure (A) and its contents (B) analysis of a-TM, o-TMT, a-TMGT, and o-
TMX.
All data are presented as the means + standard deviation. The significance (p < 0.05) among the
content of each secondary structure of 0o-TM, o-TMT, a-TMGT, and a-TMX is precised as different
letters (a, b, c, ...). The content of each secondary structure of a-TM, a-TMT, a-TMGT, and a-
TMX were showed by white, green, blue, and black, respectively.

C-E: The surface hydrophobicity(C), chemical bond (D), and wavelength scanning(E) analysis
of a-TM, o-TMT, a-TMGT, and a-TMX.
All data are presented as the means + standard deviation. The significance (p < 0.05) among the
content of each s chemical bond of a-TM, a-TMT, a-TMGT, and a-TMX is precised as different
letters (a, b, c, ...). The content of the chemical bond of a-TM, a-TMT, a-TMGT, and a-TMX were
showed by white, green, blue, and black, respectively.

F-H: Determination of the major type of the glycan bond of o-TMT (F), a-TMGT (G), and a-

TMX (H).
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a-TMT treated, o-TMGT treated, and a-TMX treated presented o-TMT, a-TMGT, and a-TMX
treated with NaOH to measure the type of glycan bond, respectively.
Figure 3. IgG/IgE-binding capacity analysis of a-TM after three processing technologies.

A: IgG/IgE-binding capacity analysis of a-TM, a-TMT, a-TMGT, and o-TMX.

The rabbit anti-H. discus hannai TM polyclonal antibody and abalone-sensitized patients’ serum
pool were used in ELISA. The serum pool includes serum No.l1 ~ 10 from Table 1. All data are
presented as the means + standard deviation. The significance (p < 0.05) is precised as different
letters (a, b, and c). The IgG/IgE-binding capacity of a-TM, a-TMT, a-TMGT, and a-TMX were
showed by white, green, blue, and black, respectively.

B: IgG-binding capacity analysis of a-TM, a-TMT, a-TMGT, and a-TMX.

The rabbit anti-H. discus hannai TM polyclonal antibody was used in inhibition ELISA. a-TM on
the solid phase; a-TM, o-TMT, a-TMGT, and a-TMX as the inhibitor respectively.
Figure 4. Effects of linear epitopes on a-TM after three processing technologies.

A: Preparation of the site-specific IgE.

The NC group was that BSA was doted on the nitrocellulose membrane as the negative control, and
number 1 ~ 2 using negative serum (No.11 ~ 12), the number 3 ~ 4 using positive serum pool (No.1
~10). The PC group was that a-TM, a-TMT, a-TMGT, and a-TMX (number 1 ~ 4) was doted on
the nitrocellulose membrane as the positive control, and the primary antibody was positive serum
pool (No.1 ~ 10). The Con group was that a-TM was doted on the nitrocellulose membrane, and
the site-specific IgE that was prepared by adding a-TM, o-TMT, a-TMGT, and o-TMX as the
inhibitor (the number 1 ~ 4). All the serum were diluted with 1:3.

B: Determination of the epitope peptides that could bind with the prepared site-specific IgE.
a-TM, a-TMT, a-TMGT, and a-TMX were represented the first inhibitor to prepare the site-specific
IgE, and the number 1 ~ 7 represented L-HTM-1 ~ L-HTM-7 as the second inhibitor to be added in
the site-specific IgE respectively; a-TM was doted on the nitrocellulose membrane.

C: Amino acid frequency of the whole protein and the linear epitopes of o-TM.

D: Heatmap analysis of the amino acid in the linear epitopes of a-TM.

Figure 5. Identification of modification sites of a-TM after glycation.

A: Identification of the modified specific amino acids of the glycated a-TM using N-
30



Journal Pre-proofs

626  glycosylation Proteomics.

627 B: Map of the identified modification sites on the 3D structure of a-TM.
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Figure 5
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