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Abstract

BACKGROUND: Parvalbumin (PV) can be subdivided into two phylogenetic lineages, aPV and PV. The bony fish SPV is consid-
ered a major fish allergen. However, there is no available report on the immunological property and epitope mapping of bony
fish aPV.

RESULTS: To characterize the allergenic property of bony fish PV and investigate the difference in allergenic property of bony
fish aPV and SPV, turbot (Scophthalmus maximus) aPV and pPV were identified by mass spectrometry and were expressed in
Escherichia coli system in this study. Spectra analysis and three-dimensional (3D) modeling showed the similar structure
between aPV and SPV. However, aPV exhibited lower immunoglobulin E/immunoglobulin G (IgE/IgG) binding capacity than
PPV. Three identified SPV epitopes possessed higher IgE reactivity and more hydrophobic residues than three identified aPV
epitopes. In addition, less similarity in sequence homology of ¢PV epitopes was observed with allergen sequences in database.

CONCLUSION: These finding expanded information on fish PV epitopes and substantiated the difference in allergenicity and
epitope mapping between fish aPV and PV, which will improve the epitope-based detection tools of PV and diagnostic of
PV induced fish allergy.

© 2023 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION

Fish and its products are popular worldwide, but they are also one of
the main food sources causing type | allergy with symptoms includ-
ing urticaria, asthma and atopic dermatitis.? Although many other
fish allergens such as enolase, aldolase, tropomyosin and vitello-
genin have been identified in recent years, parvalbumin (PV) is still
the major fish allergen.>* PV is a small (10-15 kDa) thermal stable
calcium-binding protein, which possess typical helix-loop-helix
EF-hand structure.® PV could be divided into two distinct phyloge-
netic lineages, aPV and PV.” PV usually contains 108 or less amino
acids and its isoelectric point (pl) generally ranges from 3.9 to 4.5,
which is considered a major cross-reactive fish allergen.®'° In recent
years, aPV also has been reported as a major allergen in cartilagi-
nous fish, which possess long amino acids length (109 or more)
and higher pl."" However, few research has focused on the allerge-
nicity of aPV in bony fish. The difference in allergenicity of bony fish
aPV and pPV needs to be further investigated.

Elucidation of immunoglobulin E/immunoglobulin G (IgE/IgG)
response is considered as pivotal to assess the immunogenic

potential of protein antigen. Serum IgE/IgG binding capacity is
an important index to evaluate antigen triggered allergenicity,
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while epitope is the region where antigen interacts with IgE/IgG,
which could directly affect the IgE/IgG binding capacity of
antigen. Therefore, it is significant to explore the difference of
epitope between aPV and PV. Epitopes of gPV have been identi-
fied in several fish, but the research about the identification of fish
aPV epitopes and immunogenicity is still not clear.'*'* Turbot
(Scophthalmus maximus), a kind of commercial bony fish in
China and Europe, contains two major PV isoforms,’® which is a
proper model for studying the difference in allergenicity and
epitope mapping between different PV isoforms.

Therefore, we aimed to compare the IgE/IgG binding capacity of
turbot aPV and PV and to comparatively identify their epitopes in
the present study. Natural turbot PV was extracted from fish
muscle and identified by mass spectrometry. Similar physico-
chemical properties such as molecular weight, pl and salt solubility
make it hard to separate natural turbot aPV and pPV. However,
recombinant proteins have been broadly prepared as calibrants
for natural allergen used in diagnosis and immunotherapy, there-
fore, we chose the method of expression and purification to obtain
turbot aPV and pPV.'®'” The IgE/IgG binding capacity and struc-
ture of turbot aPV and PV were analyzed by inhibition Western-
blot, inhibition enzyme-linked immunosorbent assay (ELISA) and
circular dichroism (CD) spectrum. The identification of epitope
was performed by a combination of prediction of immunoinfor-
matic tools and verification of inhibition Western-blot. Besides,
we analyzed the amino acid composition of verified epitopes
and compared their sequence similarity with other known cross-
reactive allergens. These results could help us better comprehend
the difference in allergenicity between aPV and PV and verified
epitopes could be utilized in the development of epitope-based
detection tools for PV and diagnostic agents to fish allergy.

MATERIALS AND METHODS

Materials and sera
Horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG anti-
body and HRP conjugated goat anti-human IgE antibody was pur-
chased from Zhongshan Jingiao Biotechnology Co., Ltd (Beijing,
China) and Agrisera AB (Vannas, Sweden), respectively. Rabbit anti-
turbot PV IgG polyclonal antibody was obtained from ProteinGene
Biotech Co. (Wuhan, China). Isopropyl-f-b-thiogalactoside (IPTG)
and enterokinase were acquired from Solarbio Co. (Beijing, China).
Sera of ten fish allergic patients and two healthy individuals were
collected from the Affiliated Hospital of Medical College Qingdao
University (Qingdao, China) in accordance with protocol approved
by the medical ethics committee (File no. QD-PF-20190618685).
The fish crude extract specific IgE of these sera were measured by
ImmunoCAP (Thermo Fisher Scientific, Waltham, MA, USA) and
details are displayed in Supporting Information Table Table S1.

Purification and mass spectrometry of natural turbot PV

The crude protein and purified natural PV of turbot were prepared
as follows. Briefly, turbot was bought from Li Qun supermarket in
Qingdao. The crude protein was extracted from the muscle with
the 0.1 mol L™" Tris buffer (pH 8.5) containing 0.1 mmol L™' DTT
and 0.5 mmol L™ glycine at 4 °C overnight. Then the crude
protein was heated at 95 °C for 10 min and further purified by
a two-step fractionation with ammonium sulfate (0-60%,
60-100%). The precipitate of 100% saturation fractionation was
resuspended and dialyzed with deionized water overnight at 4 °C
to obtain purified natural PV.

The separation of different isoforms of natural turbot PV was
performed by 4-20% gradient SurePAGE™ precast Gel
(Genscript, Piscataway, NJ, USA). The target protein bands were
excised from Coomassie Brilliant Blue stained gel. After treatment
with 10 mmol L™' DTT and 55 mmol L™' iodoacetamide, the
bands were digested by trypsin overnight at 37 °C. Digested
bands were analyzed using an Q Exactive Mass Spectrometer
(Thermo Fisher Scientific) by Beijing Protein Innovation Co., Ltd
(Beijing, China).

Production of recombinant turbot aPV and PV

The coding sequences of turbot aPV (XM_035616246.2) and pPV
(XM_035616244.1) were obtained from the National Center for
Biotechnology Information (NCBI) and then were synthesized by
TSINGKE Biological Technology Co., Ltd (Beijing, China) after opti-
mization. Subsequently, the synthetic sequences were cloned
into pET-30a vector between BamH | site and Xho | site and then
transformed into Escherichia coli BL21 (DE3) cells. The expression
of recombinant PV was induced by 1 mmol L™" IPTG at 16 °C for
20 h. After high pressure crushing and centrifugation (8120 X g,
4 °C, 40 min), his-tagged recombinant PV was released from bac-
teria cells and then purified by Ni-NTA Gravity Column (Sangon
Biotech, Shanghai, China). His-tag of recombinant PV was cut-off
by enterokinase and then purified further using Ni-NTA Gravity
Column to obtain untagged recombinant PV. After purification,
protein samples were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using 4-20%
SurePAGE™ precast Gel (Genscript).

Structure analysis of turbot aPV and PV

Recombinant and natural protein solutions were incubated with
5 mmol L™" EGTA (ethylene glycol-bis(f-aminoethyl ether)-N,N,
N',N'-tetraacetic acid) for 30 min at 37 °C to prepare calcium ion
(Ca®") depleted samples. The concentrations of native and Ca**
depleted samples were diluted to 0.3 mg mL™" by 0.01 mol L™
phosphate-buffered saline (PBS). Secondary structure analysis
was performed using CD on a J-815 CD spectrometer (JASCO,
Tokyo, Japan) at room temperature. Bandwidth, scanning speed
and wavelength measurement ranges were set to 1.0 nm,
50 nm min~" and 190-260 nm, respectively. UV-2550 spectrome-
ter (Shimadzu, Kyoto, Japan) was used to measure the ultraviolet
(UV) absorption according to a previously reported method.'®
Scanning range and speed were 230-330 nm and 400 nm min~",
respectively.

Inhibition Western-blot analysis of the IgE/IgG binding of
recombinant turbot «PV and PV

SDS-PAGE was run using 4-20% gradient SurePAGE™ precast Gel
(Genscript), the separated crude turbot proteins were transferred
from gel to polyvinylidene fluoride (PVDF) membrane using iBlot™
2 Gel Transfer Device (Thermo Fisher Scientific). Subsequently, the
membrane was blocked with 5% skim milk and allowed to react
with human sera (diluted in 1:5) or rabbit IgG polyclonal antibody
(diluted in 1:3000) for overnight at 4 °C on Mini-PROTEAN Il Multi-
screen Apparatus. These primary antibody sources preincubated
with 0, 0.01, 0.1 pg mL™" (for human sera) or 0, 5, 50, 200 and
400 pg mL™" (for 1gG polyclonal antibody) recombinant aPV or
BPV for 30 min at 37 °C as inhibitor prior to the addition to the
membrane. Then, HRP conjugated goat anti-rabbit IgG antibody
(diluted in 1:8000) and HRP conjugated goat anti-human IgE anti-
body (diluted in 1:2000) were used as secondary antibodies to
incubate with the membrane at room temperature for 1 h. At last,
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the membrane was photographed by ChemiDoc XRS + Imager
System (Bio-Rad, Hercules, CA, USA) in signal accumulation mode
with the addition of enhanced chemiluminescent substrate
(Thermo Fisher Scientific) and the blotting intensity was calcu-
lated using Image J software.

Inhibition ELISA analysis of the IgE/IgG binding of
recombinant turbot aPV and PV

ELISA plate was coated with purified natural PV or recombinant
aPV or recombinant PV (10 pg per well) in bicarbonate buffer
(35 mmol L™ NaHCOs, 15 mmol L™ Na,COs, pH 9.6) at 4 °C over-
night and then washed for 5 min by 10 mmol L™ phosphate-buff-
ered saline (pH 7.4) with 0.05% Tween 20 (PBST) three times and
the plate was blocked with 5% skim milk for 2 h at 37 °C. Then,
pooled human sera (diluted in 1:10) which was preincubated with
0,0.01,0.1 pg mL™" of purified natural PV or recombinant aPV or
recombinant PV for 30 min at 37 °C or rabbit IgG polyclonal anti-
body (diluted in 1:8000) which was preincubated with 0, 0.1, 1, 10,
50, 100, 200, 400 pg mL™" purified natural PV or recombinant aPV
or recombinant PV for 30 min at 37 °C were added into the wells
as source of primary antibody and incubated for 1.5 h at 37 °C.
Subsequently, washed and 100 pL HRP conjugated goat anti-
rabbit IgG antibody with dilution of 1:16000 or HRP conjugated
goat anti-human IgE antibody with dilution of 1:2000 was added
into corresponding well and incubated for 1 h at 37 °C. Finally,
washed and added with HRP substrate (3,3',5,5'-tetramethylben-
zidine) for development. The reaction was stopped by 50 pL
2 mol L™ sulfuric acid and the measurement of absorbance was
read at 450 nm using a microplate reader (Molecular Devices,
San jose, CA, USA).

Epitope prediction and peptides synthesis

Linear B cell epitopes of turbot aPV and pPV were predicted
through the aid of three immunoinformatic computational tools:
DNAStar Protean system (DNAStar Inc., Madison, WI, USA),
Bepipred Linear Epitope Prediction 2.0 (http://tools.iedb.org/
bcell/) and ABCpred Server (https://webs.iiitd.edu.in/raghava/
abcpred/ABC_submission.html). Hydrophilicity, flexibility, accessi-
bility, and antigenicity were set as main primary parameters of
epitope prediction.'®?° The criteria for selection of potential epi-
topes predicted by three immunoinformatic computational tools
was performed as follows: (1) fusion the overlapping potential
epitopes predicted by DNAstar Protean and IEDB, for example,
the fusion result of potential epitope A (position 13-20, predicted
by DNAstar Protean) and potential epitope B (position 17-25, pre-
dicted by IEDB) is the fusion potential epitope (position 13-25);
(2) extend the fusion potential epitope if the fusion potential epi-
tope is completely covered by the potential epitopes predicted by
ABCpred Prediction, unless the antigenicity of amino acids adja-
cent to epitopes are < 0; (3) shorten the fusion potential epitope
if the fusion potential epitope is not completely covered by the
potential epitopes predicted by ABCpred Prediction. Finally,
selected potential epitope peptide with a purity of 95% was
synthesized by Sangon Biotech (Shanghai) Co., Ltd (Shanghai,
China) using standard Fmoc solid phase peptide synthesis and
was characterized by high-performance liquid chromatography
and mass spectrometry.

Inhibition Western-blot analysis of epitope peptides

Purified natural turbot PV was transferred to PVDF membrane
from gel after SDS-PAGE at 140 V for 30 min using 4-20% gradi-
ent SurePAGE™ precast Gel. The membrane was blocked with

5% skim milk at room temperature for 2 h and then cut into
squares. The human sera (diluted in 1:5) preincubated with
5 mg mL™" epitope peptide or 2 mg mL™" natural PV for 30 min
at 37 °C were used as primary antibody and allowed to react with
membrane squares overnight at 4 °C. Then, HRP conjugated goat
anti-human IgE antibody (diluted in 1:2000) were used as second-
ary antibodies and were incubated with the membrane at room
temperature for 1 h. Subsequently, membrane squares were
photographed by ChemiDoc XRS + Imager System and the blot-
ting intensity was analyzed using Image J software. Further, the
observed results of IgE/IgG reactivity was scored 0-3 based on
the reduction in the degree of blotting intensity as negative reac-
tivity (0-20% reduction, score 0); light reactivity (20-50% reduc-
tion, score 1); weak reactivity (50-80% reduction, score 2);
strong reactivity (80-100% reduction, score 3).'

Molecular modeling and epitope mapping

The three-dimensional (3D) models of turbot aPV and pPV were
created by homologous modeling of SWISS-MODEL program
(https://swissmodel.expasy.org/) using carp PV (1b8r.1.A) as tem-
plate.?? The epitopes verified by inhibition Western-blot were
located on 3D models with different color by PyMOL software
(Schrodinger, New York, USA).

Similar sequences matching in known allergen

For matching similar sequences of verified epitopes in known
allergen, peptide similarity search program (https://fermi.utmb.
edu/SDAP/sdap_pps.html) of Structural Database of Allergenic
Proteins (SDAP) was utilized. Briefly, the sequence of verified epi-
topes was submitted to the program and the property distance
(PD) of all region in the sequence of known allergen in SDAP, that
are the same length as the verified epitopes, was calculated.
According to previous research, region in sequences of known
allergen with PD lower than 8.0 was considered as similar
sequence of epitopes and two identical sequences have a PD
of 0.3

RESULTS

Preparation and identification of natural turbot PV

Natural turbot PV contained two prominent 12 kDa bands (Fig. 1,
lane 8). Band with higher molecular weight was marked as PV |,
while lower molecular weight band was marked as PV II. As shown
in Fig. 2, the peptide mass fingerprinting of PV | matched turbot
aPV (XP_035472139.1) with sequence coverage of 89% while low
molecular weight PV [l matched turbot gPV (XP_035472137.1) with
sequence coverage of 88%.

Expression and purification of recombinant turbot aPV

and PV

As analysis of SDS-PAGE, a prominent band around 17 kDa (Fig. 1,
lane 1) and a prominent band around 15 kDa (Fig. 1, lane 4) was
observed in the supernatant of broken bacteria cell containing
expression vector, but not in the supernatant of broken bacteria
cell containing control vector (Fig. 1, lane 7). This confirms the
induction and expression of soluble recombinant proteins by
the vector inserted recombinant bacterial cells. The molecular
weight of recombinant protein bands (17 kDa and 15 kDa) was
higher than their natural form (Fig. 1, lane 8) because there was
a translation of the sequence including his-tag between the start-
ing codon ATG and BamH | site. After purification by Ni-NTA Grav-
ity Column and treatment with enterokinase, untagged
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recombinant aPV (Fig. 1, lane 3) and untagged recombinant PV
(Fig. 1, lane 6) showed similar molecular weight to their natural
form (Fig. 1, lane 8). These results illustrated that untagged recom-
binant turbot aPV and pPV were successfully prepared and puri-
fied from E. coli system.

M1 2 3 4 5 6 7 8
180 uf
135 m
100 . .
75 mi W .
63 == W —
48 = - p—

35 ==l "

25 =
17 - —-—

.- -— - Vi
11 - — -—PVII

Figure 1. SDS-PAGE of purification of turbot natural PV, recombinant aPV
and recombinant PV. Lane M: marker, lane 1: supernatant of broken cell
of Escherichia coli expressing recombinant turbot aPV, lane 2: purified
recombinant turbot aPV with his-tag, lane 3: purified recombinant aPV
without his-tag, lane 4: supernatant of broken cell of E. coli expressing
recombinant turbot gPV, lane 5: purified recombinant PV with his-tag,
lane 6: purified recombinant PV without his-tag, lane 7: supernatant of
broken cell of E. coli containing control vector, lane 8: purified natural tur-
bot PV (PV | and PV II).

Peptide Sequence Observed  Mr(exp)  Mr(cale)

LFLQTFK MS7681  §955217 955167
ITAALEECK SIT7645 10335145 1033.5114

FFGTCGLSAK 142684 10865222 1086.5168

5 AAFDIDQDK 5682876 11345606 11345557
3 SGFIEEDELK SE3.7844 11655542 1165.5503

IGADEFASMVK

917 1166.5688 11665641

904 KFFGTCGLSAK

12146168 12146118
LFLQIFKAGAR 12507198
SLTDTETRNLLK 13617476
SPADVKAAFDIIDQDK
ITAALEECKKPESFCHK e

AGDTDNDGKIGADEFASMVK 10209668

568.2876

AAFDIIDQDKSGFIEEDELK 11420584 2282,

5837844

1020.9668

448.7681

1142.0584

Structure analysis of recombinant turbot «PV and PV

The secondary structures of natural PV, recombinant aPV and
recombinant PV were analyzed by CD spectrum. Two character-
istic negative peaks at around 208 and 222 nm representing
a-helix were observed in the CD spectrum of all three PVs (Fig. 3
(A)). After Ca** depletion, both two negative characteristic peaks
of natural PV, recombinant aPV and recombinant pPV were
reduced (Fig. 3(A)). Besides, the negative peak at 208 nm of
recombinant gPV and natural PV shifted to 206 nm, while the neg-
ative peak at 208 nm of recombinant aPV shifted to 204 nm (Fig. 3
(A)). These findings indicated that the secondary structures of
both aPV and PV were similar with natural PV and were affected
by Ca". The results confirm that, both recombinant PVs retain
similar calcium-binding ability to natural PVs and can change their
secondary structure on depletion of calcium.

The tertiary structures of recombinant aPV and pPV were ana-
lyzed by UV absorption. Both proteins showed a typical protein
UV spectrum with the maximum UV absorption peaks at 259 nm
(Fig. 3(B)). Ca®* depletion with EGTA treatment led to the disap-
pearance of the 259 nm absorption peaks of natural PV, recombi-
nant aPV and recombinant PV (Fig. 3(B)), indicating the change
in the tertiary structure of PVs in presence and absence of calcium.

Comparison of IgE/IgG binding capacity of turbot aPV

and PV

Seven patient sera (S1, S2, S3, S5, S7, S8, S9) and rabbit polyclonal
IgG antibody were used in inhibition Western-blot studies to com-
pare IgG/IgE binding to aPV and fPV. Except serum S9, all other
sera recognized one or two bands at around 12 kDa (Fig. 4(C-1)).
These bands were also recognized by anti-turbot PV IgG antibody
(Fig. 4(B)). These 12 kDa IgE blots could be inhibited by both
recombinant «PV and gPV, which suggested that both aPV and

Peptide Sequence Mr(expy)  Mreale)

ETAEFLK
FFGACGLAK
KFFGACGLAK
LFLQNFSAGAR
IGIEEFANLVK

ALTDKETAEFLK

1148.5592

100 — TALDGCAAADTFNYK
ETAEFLKAGDADGDGK
90 - TALDGCAAADTENYKK
AGDADGDGKIGIEEFANLVK 10100100 2

ALTDKETAEFLKAGDADGDGK

%)

70 | AAFQUDQDNSGFIEEEELK
SADDVKAAFQIDQDNSGFIEEEELK

7] KSADDVKAAFQUDQDNSGFIEEEELK. 10135298

50 | AAFQIUDQDNSGFIEEEELKLFLONFSAGAR 11675920 3499.7569 3499.7259

1010.0109

i

683.3698
873.4163

Relative Abundance (

485747

1167.5929

F—549.7949
E 6
==

F—a19.2235
F—718.0196
F=T013.8289

T — T 1
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mz (zoom)

SEQ:
MAFKGVLDDA KITAALEECK KPESFCHKKF FGTCGLSAKS
PADVKAAFDI IDQDKSGFIE EDELKLFLQT FKAGARSLTD
TETKNLLKAG DTDNDGKIGA DEFASMVKYV

T T by 1
800 900 1000 1100 1200
m/z (zoom)

~
i
8

T
400 500 600

SEQ:
MSFAGLNAAE IKTALDGCAA ADTFNYKKFF GACGLAKKSA
DDVKAAFQII DQDNSGFIEE EELKLFLQNF SAGARALTDK
ETAEFLKAGD ADGDGKIGIE EFANLVKE

Isoforms Matched protein Accession number Sequence coverage Score Mass pI
PVI parvalbumin alpha [Scophthalmus maximus] XP_035472139.1 89% 4265 11978 4.98
PVII parvalbumin beta [Scophthal maximus| XP_035472137.1 88% 8301 11630 4.50

©

Figure 2. Identification of natural turbot PVs by mass spectrometry. Peptide mass fingerprinting of (A) turbot PV | and (B) turbot PV II. Peptide matched
sequence was shown in bold red. (C) Mass spectrometry indicate that PV | was turbot aPV and PV Il was turbot gPV.
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Figure 3. Structure analysis of purified turbot natural PV, recombinant
aPV and recombinant PV in the presence of Ca** and EGTA treated
Ca** depletion samples. (A) CD spectra indicating the change at negative
peaks 208 and 222 nm for both PVs. (b) UV absorption spectra indicate
change in UV absorption for both at 259 nm in the absence of calcium.

PPV are major IgE binding proteins in the turbot. However, the
inhibition intensity of PV, measured as reduction binding in com-
parison with uninhibited control (S1: 68.2%, S2: 80.1%, S3: 100%,
S5: 89.6%, S7: 92.4%, S8: 78.1%) was higher than it appeared for
aPV (S1: 36.5%, S2: 51.4%, S3: 54.2%, S5: 22.6%, S7: 87.3%, S8:
40.4%) at the inhibition concentration of 1 pg mL™" (Fig. 4(C-H)).
The inhibition with recombinant PV was also appeared compara-
tively more with rabbit IgG binding to natural PV in crude extract
than aPV with relatively same concentration (Fig. 4(B)). Interest-
ingly, a 36 kDa was recognized by serum S9 (Fig. 4(l)). Besides, no
band was recognized by health sera pool (Fig. 4(J)) which was used
as non-atopic control.

In inhibition ELISA, sera pool of ten patients with defined case
history to fish allergy (S1-S10 in Table Table S1) and rabbit

polyclonal IgG were used as source of primary antibody. Both
recombinant and natural PVs show inhibition of the IgE/IgG bind-
ing to natural PV and inhibition increased with increasing concen-
tration of inhibitor. The inhibition rates with recombinant PV
appeared lower than natural PV when protein concentration
was higher than 0.1 pg mL™" (Fig. 5(A,B)). The IgE binding inhibi-
tion rate of PV was 24.6-71.3%, which was higher than aPV with
the same concentration (Fig. 5(A)). For IgG binding, the inhibition
rate of fPV was 26.4-71.9%, which was also higher than aPV with
the same inhibitor concentration (Fig. 5(B)). These results were
consistent and resemble the observation made in inhibition of
IgG/IgE Western blot. These findings indicated that IgE/IgG bind-
ing capacity of PV was higher than aPV. During the mutual inhi-
bition studies, the rabbit IgG binding to aPV was reduced by
44.5% at 400 pg mL™' PV and IgG binding to PV was decreased
34.2% at 400 pg mL™" aPV (Fig. 5(C)), which revealed the possible
cross-reactivity between aPV and PV due to high structural
similarity and sharing of few epitopes.

Prediction and identification of epitopes of turbot aPV
and PV
The possible epitopes for the turbot PVs were predicted using
computational tools. As shown in Table 1, the potential epitopes
of turbot aPV and pPV were predicted by three immunoinformatic
tools including DNAStar Protean system, Bepipred Linear Epitope
Prediction 2.0 and ABCpred Server. Subsequently, by screening
the overlapping regions of the prediction results of the three
immunoinformatic tools, five epitope peptides of aPV (A-1 to A-
5) and five epitope peptides of PV (B-1 to B-5) were chosen
and synthesized for further identification (Table 2). Among them,
B5 (91-104) showed similarity (53.3%) with the linear IgE epitope
(GDGKIGVDEFGAMIKE) of Gad m 1.>* Besides, B-2 (34-45) and A-3
(51-65) were similar with proposed linear-type IgE epitopes
region 33-44 (VGLDAFSADELK) and 49-64 (IADEDKEGFIEEDELK)
of Gad ¢ 1, respectively.?®

Inhibition Western blot was carried out for the verification of
epitopes of turbot aPV and BPV. The epitope peptides which
could inhibit the binding of purified natural PV to IgE from eight
selected patients' sera (S1, S2, S3, S5, S6, S7, S8, S10) possessed
IgE binding capacity to corresponding sera. As shown in Fig. 6
(A), 2 mg mL~" natural PV was set as positive control, which
almost totally inhibited the IgE binding of all eight patient sera
to natural PV on the membrane. Peptide A-1, A-3, A-4, B-2, B-4
and B-5 showed IgE binding to > 4 of the eight selected patients'
sera whereas peptide A-2, A-5, B-1 and B-3 showed IgE binding to
less patients' sera (Fig. 6(B)). To further analyze the IgE binding
capacity of epitope peptides, IgE reactivity intensity of peptide
to each serum was graded into four levels with corresponding
score (0-3) as previously described.® After calculation, the total
IgE reactivity intensity scores of peptides A-1, A-3, A-4, B-2, B-4
and B-5 were higher than the mean scores (11.1) of ten peptides
(Fig. 6(B)). Based on the frequency and intensity of IgE reactivity,
three aPV major IgE epitopes and three pPV major IgE epitopes
were identified as follows: A-1: aPV (17-28), A-3: aPV (51-65),
A-4: aPV (73-86), B-2: PV (34-45), B-4: fPV (72-83) and B-5: SPV
(91-104). For IgG binding capacity, peptides A-1, A-3, B-3, B-4
and B-5 had IgG reactivity with rabbit anti-turbot I1gG polyclonal
antibody and the IgG reactivity intensity of A-1, A-3, B-4 and B-5
were higher, revealing two major aPV IgG epitopes (A-1 and
A-3) and two major PV IgG epitopes (B-4 and B-5) (Fig. 6(B)). Inter-
estingly, the major IgG epitopes of aPV and PV were also identi-
fied as their major IgE epitopes.
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Figure 4. Comparison of IgG/IgE binding capacity of recombinant turbot aPV and PV by inhibition Western blot. Rabbit polyclonal IgG and fish-allergic patient
sera (S1,52,S3, S5, 57, S8, S9 in Supporting Information Table Table S1) IgE binding to the PV in crude turbot extract and the inhibition of binding by recombinant
turbot aPV and pPV. The IgG/IgE binding capacity of recombinant turbot aPV and PV was represented by the degree of inhibition. (A) SDS-PAGE of crude turbot
extract: lane 1: marker, lane 2: crude turbot extract. (B) Binding of rabbit IgG to crude turbot extract and inhibition by recombinant PV and PV. Lane 1:1gG binding
to crude turbot extract, lanes 2-5: IgG binding to crude turbot extract inhibited by 5, 50, 200 and 400 pg mL™" PV, lanes 6-9: IgG binding to crude turbot extract
inhibited by 5, 50, 200 and 400 pg mL™’ BPV. (C-J) Binding of human sera (S1, S2, S3, S5, 57, S8, S9 and sera pool of SN1 and SN2) IgE to turbot crude extract and
inhibition by recombinant aPV and PV, sera pool of SN1 and SN2 was set as control pool sera: lane 1:IgE binding to crude turbot extract, lanes 2 and 3: IgE binding
to crude turbot extract inhibited by 0.1 and 1 pg mL™" aPV, Lanes 4 and 5: IgE binding to crude turbot extract inhibited by 0.1 and 1 pg mL™" gPV.
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Figure 5. Comparison of IgG/IgE binding capacity of recombinant turbot
aPV and gPV by inhibition ELISA using rabbit IgG polyclonal antibody and
fish-allergic sera pool (51-510 in Supporting Information Table Table S1).
The percent inhibition represented the IgG/IgE binding capacity of recom-
binant turbot aPV and gPV. (A) Inhibition of patient serum IgE binding to
purified natural PV by natural PV, recombinant aPV and recombinant
PPV. (B) Inhibition of rabbit polyclonal IgG binding to purified natural PV
inhibited by natural PV, recombinant aPV and recombinant APV.
(O) Inhibition of rabbit polyclonal IgG binding to recombinant aPV by
recombinant PV and inhibition of rabbit polyclonal IgG binding to recom-
binant gPV by recombinant aPV. Data shown as the mean + standard
deviation (n = 3). ** represent P < 0.01.
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Table 1. Potential epitopes of aPV and PV predicted by immunoin-
formatic tools

Allergen Tools Position of predicted epitopes

aPV DNAstar 18-24, 36-44, 51-58, 60-65, 78-86, 90-97

Protean

IEDB 5-10, 21-26, 36-42, 52-62, 73-81, 92-104

ABCpred 1-14, 10-23, 21-34, 32-45, 41-54, 46-59,
Prediction  61-74,68-81, 75-88, 84-97

PPV DNAstar 23-29, 37-43, 51-57, 58-64, 77-83, 92-98

Protean

IEDB 19-24, 35-41, 52-61, 72-80, 91-104

ABCpred 5-18, 17-30, 25-38, 30-43, 38-51, 44-57,
Prediction  58-71, 63-76, 75-88, 80-93

Mapping of identified epitopes on the 3D model

As shown in Fig. 7, three major aPV epitopes (A-1, A-3 and A-4)
and three major pPV epitopes (B-1, B-4 and B-5) were mapped
on the 3D model of aPV and PV, respectively. Most amino acids
of the epitopes were on the surface of aPV or PV, which corre-
sponded to the prediction by immunoinformatic tools. It should
be noticed that all six epitopes were mainly located on the loop
regions between a-helices. Besides, aPV epitope A-3 and pPV epi-
tope B-5 were in Ca®" binding region.

Amino acid composition analysis and similar sequences
searching of verified epitopes

The amino acid composition of turbot aPV and PV and their epi-
topes were compared. The amino acid sequences of turbot aPV
and PV showed similarity with 64.81% (Fig. 8(A)), corresponding
to the low sequence identity (< 50% sequence identity between
aPV from leopard shark or thornback ray and pPV from cod, carp,
or salmon) between fish aPV and PV.%° It is worth mentioning
that tyrosine (Tyr) was only present in gPV while proline (Pro)
and histidine (His) were only present in aPV (Fig. 8(B)). In terms
of epitope, fPV epitopes contained more phenylalanine (Phe), ala-
nine (Ala), glycine (Gly), asparagine (Asn) and Tyr than aPV epi-
topes (Fig. 8(B)). The contents of glutamic acid (Glu), valine (Val),
isoleucine (lle), glutamine (GIn), arginine (Arg) in PV epitopes
were similar with that in aPV epitopes whereas contents of other
amino acid in PV epitopes were less than that in aPV epitopes
(Fig. 8(B)). In general, the frequency of occurrence of hydrophobic
residues of aPV epitopes (20.18%) was lower than that of
BPV (25.92%).

Similar sequences searching of verified epitopes was performed
to analyze their possible cross-reactivity due to sharing of amino
acid identity in other known allergen sequences. Epitopes A-3,
A-4,B-2 and B-4 had similar sequence (PD value < 8.0, amino acid
identity > 33.3%) in 35, 25, 35 and 30 known allergens sequences
in database, respectively (Fig. 8(C)). This represented comparable
possible cross-reactivity with these epitopes. The details of similar
sequences are shown in Table S2. Interestingly, epitope A-1 had
similar sequences in only three PV sequences and the PD of these
similar sequences was over seven (Table S2), which suggested
that A-1 was the specific epitope of turbot aPV. By contrast,
75 allergen sequences in database contained similar sequence
of epitope B-5, which indicated that B-5 should be the major
cross-reactivity epitope of turbot PV (Fig. 8(C)).
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Table 2. Predicted epitopes finally synthesized by Fmoc solid phase peptide synthesis
Allergen Epitope name Sequence Position
aPV A-1 EECKKPESFCHK 17-28
A-2 LSAKSPADVK 36-45
A-3 IDQDKSGFIEEDELK 51-65
A-4 AGARSLTDTETKNL 73-86
A-5 GDTDNDGKIGAD 90-101
pPV B-1 AAADTFNYKKFF 19-30
B-2 GLAKKSADDVKA 34-45
B-3 DQDNSGFIEEEELK 51-64
B-4 AGARALTDKETA 72-83
B-5 ADGDGKIGIEEFAN 91-104
1 2 3 4 5 6 7 8 9 10 P N Epitope peptide No.
. - - T - e SeraNo. | A-l | A2 | A3 | A4 | A5 | B-1| B2 | B3 | B4 | B-5 [PN
(a)
S1 4
- — - — — — — —-
(b) $2 5
— e e W e o - -— s s
(c)
S4 6
- e R e S — -
(d) S5 4
- e e b — 6 4
(e)
S7 7
-’ - baad - A .t -
) S8 9
— - P — W p— Ead SN 0
(8) . Positive subjects s 3 5 5 4 4 6 3 7 5
Wy A e - -~ number
(h) >50% subjects| + + + + ki +
Intensity score 12 8 14 12 8 6 13 8 17 13
(i)
> Mean score & + + + + +
4 ® s jgveles . =
0 « Il Il N

(A) (B)

Figure 6. IgG/IgE binding verification of ten synthesized allergic epitope peptides of both PVs (A-1 to A-5 and B-1 to B-5) by inhibition Western-blot anal-
ysis to assess the difference in binding efficiency of turbot aPV and gPV. (A) Inhibition of eight patient sera (51, S2, S3, S5, S6, S7, S8, S10) IgE (a-h), healthy
human sera (SN1 and SN2) pool (i) and rabbit IgG polyclonal antibody (j). Lanes 1-5 represents A-1 to A-5 of aPV epitopes whereas lanes 6-10 represents
B-1 to B-5 of #PV epitopes. Binding to natural turbot PV inhibited by 5 mg mL™" ten epitope peptides (1-10), 2 mg mL™" natural turbot parvalbumin (P) and
0.01 mol L™" PBS (N). (B) Reactivity intensity analysis of ten epitope peptides by Image J software. The reactivity was scored in 0-3 levels based on the
reduction in the degree of blotting intensity binding due to inhibitor: 0 negative reactivity (score 0), I light reactivity (score 1), B weak reactivity (score 2),
M strong reactivity (score 3).

DISCUSSION PV isoforms.?’° According to previously reported studies, bony
There are two distinct phylogenetic lineages of PV in fish, namely  fish fPV was known to be a major fish allergen and more allergic
aPV and BPV. Several fish species were reported to possess > 1 than cartilaginous aPV.>® However, the difference in the
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Figure 7. Homologous modeling of turbot aPV and APV and mapping of
their epitopes. (A) A 3D model of turbot aPV using PV from carp (1b8r.1.A)
as a template, epitope A-1, A-3 and A-4 highlighted in red, green and blue,
respectively. (B) A 3D model of turbot PV using PV from carp (1b8r.1.A) as
a template, epitope B-2, B-4 and B-5 highlighted in light blue, pink and yel-
low, respectively. The orange spheres represent calcium atoms.

immunological and allergic properties between aPV and PV in
bony fish was still not well explained. It may be due to the diffi-
culty in separating the two natural isoforms (aPV and gPV) as they
share very similar physicochemical properties. Turbot PV and
PPV was expressed in E. coil system with his-tag and was removed
later to make them closer to their natural forms.' Although the
sequence similarity between turbot aPV and pPV was only
64.81%, results of CD and UV showed similar secondary and ter-
tiary structures between recombinant aPV and gPV. Besides, the
3D model of aPV also appeared very similar to that of gPV, where
both represent and share six a-helical regions in the 3D structure.
Similar secondary and tertiary structures between natural and
recombinant turbot PVs indicated that recombinant aPV and
BPV were well folded in E. coil system. Both PVs required Ca®*
for the maintenance of the native conformation and it was
revealed with spectral studies that recombinant aPV and PV both
depends on Ca®" and depletion of Ca®" led to more drastic
changes to the secondary structure of both aPV and gpPV.>?

To compare and reveal the difference in the IgE/IgG binding
capacity of aPV and PV, inhibition Western blot and inhibition
ELISA were performed. Both human sera IgE and rabbit polyclonal
IgG showed binding to two 12 kDa bands of natural PV in turbot
crude extract and were subsequently inhibited by both

recombinant aPV and PV at 1 pg mL™" concentration with a var-
iable degree. This revealed that aPV also possessed IgE/IgG bind-
ing capacity and may cross react with gPV. Mutual inhibition
between aPV and fPV in inhibition ELISA confirmed their IgG
cross-reactivity. Higher inhibition degree was observed for PV
when used at similar concentration in both inhibition Western
blot and inhibition ELISA for both IgE and IgG binding capacity
than that of aPV. The observed results indicate that PV will be
more allergenic than aPV in turbot. Interestingly, only a single
band at 12 kDa was recognized by serum S3 and it was almost
completely inhibited by 0.1 pg mL™" recombinant PV whereas
0.1 pg mL™" recombinant aPV showed no obvious inhibition. This
finding suggested that the recognized band was PV and aPV was
not identified by serum S3, which further supported that PV was
more allergenic. Serum S9 only showed binding to a 36 kDa pro-
tein band. Based on its molecular weight, the IgE positive band
could be tropomyosin, which has been reported as an allergen
in other fish species.>

Considering the low sequence similarity and high 3D structural
homogeneity of aPV and pPV, the difference in amino acid
sequence and positioning of epitopes may differentiate the pri-
mary structure of aPV and PV epitopes. The variability in epitope
peptide sequence may be responsible for the observed difference
in IgG and IgE binding ability between aPV and fPV. Therefore,
the epitopes of aPV and PV were predicted by three immunoin-
formatic tools and verified by inhibition Western blot. Three aPV
epitopes and three PV epitopes were finally identified which
were commonly represented in all three epitope prediction tools.
The loop region of the PV representing most of the identified epi-
topes was reported to be more flexible than a-helix region and
could form cap structure in PV to cover the hydrophobic surface
of adjacent domains according to previous studies, which also
indicated increased accessibility to the region.>* This may explain
why all six epitopes are located on the loop region of the PV pro-
teins. Ca®* binding region are generally conserved in fish PV and
have been identified as IgE epitopes in Gad ¢ 1, Gad m 1 and
Cyp ¢ 1.01.2%%>% |n the present study, peptide A-3 is in Ca** bind-
ing region of aPV and peptide B-5 is in Ca** binding region of gPV
which were also verified as IgE and IgG epitopes of turbot PVs.
However, peptide B-3 and peptide A-5 were not identified as IgE
epitopes, which indicated that Lys-55, Asp-61 in aPV and Ala-91,
Gly-93, Glu-100, Glu-101, Ala-103, Asn-104 in PV should be cru-
cial to the epitope of A-3 and B-5, respectively. These amino acids
in the epitope structure may contribute to the interaction with IgE
by hydrogen bonds and electrostatic attraction. It was reported
that Ala, serine (Ser), Asn, Gly and lysine (Lys) frequently occurred
in IgE binding sites of most allergic epitopes.>® Nine of the twelve
amino acids in pPV epitope B-4 matched to aPV epitope A-4,
which showed high similarity between these two epitopes and
thereby explained the possibility of IgE cross-reactivity due to
sharing of this epitope between aPV and pPV. Although no similar
major 1gG epitopes between aPV and pPV were found, weak IgG
binding was observed for epitope peptide B-3 which was highly
similar to the major IgG epitope A-3. This accounts for the pre-
dicted possible IgG cross-reactivity between two isoforms of
PV.In general, the IgE reactivity intensity score of the PV epitopes
was higher than that of the aPV epitopes, which indicated higher
IgE binding capacity of PV epitopes and thereby could directly
lead to the stronger IgE binding capacity of gPV. Hydrophobic res-
idues which can function as weak interface hubs to promote IgE
binding ability of protein, were reported to account for 60% of
the amino acids represented in the epitopes of g-globulin.3"38 In
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Figure 8. Sequence alignment of turbot aPV and PV and sequence analysis of verified epitope. (A) Sequence alignment of turbot aPV and gPV. Ten pre-
dicted peptides were marked with box in different colors (red, pink, blue, green and yellow) box. Peptides marked with solid line box were identified as
epitopes were whereas peptides marked with dash box were not identified as epitopes. (B) Amino acid composition analysis of turbot aPV, turbot PV and
their epitopes. (C) Number of similar sequences of turbot aPV epitopes and pPV epitopes searched in SDAP allergen database.

the present study, gPV epitopes possessed more hydrophobic res-
idues such as Phe and Ala than aPV epitopes, which may be
responsible for the higher IgE reactivity intensity score of PV epi-
topes. In contrast, both aPV and PV had two major IgG epitopes,
the presence of an extra weak IgG binding epitope peptide B-3 in
PPV could be responsible for the observed higher IgG binding
capacity of gPV. PD between two peptide sequences represent
the sequence similarity of two peptide sequences. Allergens with
similar sequences in equivalent epitope areas might be cross-
reactive.”>*? Based on the search results in SDAP, the number of
the allergen sequences in the allergen database which contained
similar sequence of PV epitopes, especially B-5, was higher than
that of aPV epitopes, which suggested that PV epitopes have

more potential as cross-reactive epitope and further illustrated
that PV was more likely to cross-react with other allergens. It is
significant to mention that turbot aPV specific epitope A-1 was
found matching similar sequences in only three allergen
sequences in the database. The presence of epitope A-1 further
revealed the difference between aPV epitopes and pPV epitopes.
The study reveals that PV epitopes exhibit high IgE binding
capacity and have high epitope sequence similarity with predom-
inant allergen in the database, indicating the possible increased
allergic cross reactivity as compared to aPV epitopes. It is noticed
that the epitopes analyzed in this study are linear, the influence of
other potential conformational epitopes should be further
explored in the future.
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CONCLUSIONS

In conclusion, turbot recombinant aPV showed lower IgE/IgG
binding capacity than recombinant PV, however it exhibited sim-
ilarity with secondary and 3D structure with fPV. It is observed
that due to the presence of more hydrophobic residues, the IgE
reactivity intensity of three identified SPV epitopes was higher
than that of three identified aPV epitopes. This variation could
be the cause for the lower IgE binding capacity of aPV among tur-
bot allergic subjects as compared to fPV. Besides, epitope A-1
(EECKKPESFCHK) matching similar sequences in only three aller-
gen sequences in SDAP database, could be a specific turbot aPV
epitope. The present report in this study unravels the difference
in immunogenic characteristic of IgE epitope peptides of turbot
PVs. Additionally, it provides information on the allergic potential
of aPV and PV epitopes and explains the difference of IgE bind-
ing capacity indicating location variations and amino acid compo-
sition among the predicted epitopes between aPV and pPV. These
findings will be useful for the improvement of detection tools for
fish PV and development of specific diagnosis to allergy induced
by fish PV.
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