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Monoclonal antibodies against the newly identified allergen
β-enolase from common carp (Cyprinus carpio)
Aistė Sližienė , Milda Plečkaitytė, Mindaugas Zaveckas, Karolina Juškaitė,
Vytautas Rudokas, Gintautas Žvirblis and Aurelija Žvirblienė

Institute of Biotechnology, Life Sciences Center, Vilnius University, Vilnius, Lithuania

ABSTRACT
β-enolase is a heat-labile fish allergen identified in different fish
species. In this study, β-enolase gene was cloned from common
carp muscle tissue and the target protein was expressed as a
fusion with maltose binding protein (MBP-Eno) in E. coli.
Recombinant MBP-Eno was reactive with blood serum specimens
of fish-allergic patients, confirming that β-enolase is a newly
identified allergen of common carp. Two monoclonal antibodies
(MAbs) against recombinant β-enolase were generated that
showed cross-reactivity with β-enolases of other organisms. Both
antibodies recognized β-enolases from other fish species extracts,
while MAb 6E4 showed a broad reactivity with pork, chicken,
yeast, and E. coli samples. Epitope mapping using MBP-Eno
variants revealed that β-enolase region comprising amino acids
623–698 presumably includes MAb 6E4 epitope. The generated
broadly reactive MAb 6E4 directed against a conserved epitope of
β-enolases may represent a valuable tool for the characterization
of allergen extracts and fish allergy diagnostics.
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Introduction

Enolase (EC 4.2.1.11), or phosphopyruvate hydratase, is a metalloenzyme that in the
presence of Mg2+ ions participates in glucose metabolism by catalyzing the conversion
of 2-phosphoglycerate to phosphoenolpyruvate (Nakagawa & Nagayama, 1989; Díaz-
Ramos et al., 2012; Piast et al., 2005). This enzyme has been identified in different organ-
isms, from microorganisms to mammals, and its amino acid (aa) sequence among
different species is shown to be highly conserved (Simon-Nobbe et al., 2000; Morales-
Amparano et al., 2021). In mammals, the enolase is found in three isoforms (α, β and
γ) and is active as a homodimer (α-α, β-β, γ-γ) or heterodimer (α-γ, α-β) (subunits mol-
ecular weight (MW) ∼50 kDa) (Díaz-Ramos et al., 2012; Kleine-Tebbe & Jakob, 2017;
Witkowska et al., 2005). α-enolase (ENO-1) is found in most tissues, β-enolase (ENO-
3) is mainly detected in muscle tissues and γ-enolase (ENO-2) is expressed in neural
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tissues (Morales-Amparano et al., 2021). Enolases play an important role in metabolic
pathways of many organisms and participate in the interactions between certain micro-
organisms and the host cells; however, they can cause allergic reactions to humans
(Morales-Amparano et al., 2021; Witkowska et al., 2005; Marcos et al., 2012). It was
shown that enolases from various sources, like molds, yeast, plants, animals, or
pollens, may cause asthma, rhinitis, urticaria and other allergic reactions to some
atopic patients (Morales-Amparano et al., 2021).

Allergy to fish is one of the food allergies that affects less than 1% of the world’s popu-
lation. Clinical symptoms, such as urticaria, vomiting, diarrhea, cough, may occur in
patients that are sensitive to one specific fish or to several different fish species.
Allergy symptoms can vary depending on selected cooking methods for preparing fish
dishes, eating habits, variation in consumed fish species and can affect patients’ skin, res-
piratory tract, and digestive tract. There are reported cases when fish caused severe aller-
gic reactions that leaded to the anaphylactic shock (Dijkema et al., 2020; Klueber et al.,
2019). Since there is no specific immunotherapy approved to treat fish allergy, sensitized
individuals are strictly advised to avoid any kind of fish (Kleine-Tebbe & Jakob, 2017).
However, a detailed allergological evaluation of the patient could help to determine
fish species that can be safely consumed by mono- or oligo-sensitized person not avoid-
ing important nutrients (Dijkema et al., 2020; Klueber et al., 2019). Parvalbumins are
known as the major fish allergens, since most of fish-allergic patients are sensitized to
them, while β-enolase, aldolase, collagen, tropomyosin and vitellogenin are considered
the minor fish allergens (Matricardi et al., 2016; Hilger et al., 2017). The first fish
enolase was purified and crystalized from a rainbow trout (Oncorhynchus mykiss) in
1966. Later, in 1970 this enzyme was isolated and characterized from two species of
Pacific salmon (Oncorhynchus kisutch and Oncorhynchus keta), then in 1983 – from
common carp (Cyprinus carpio) and in 1991 from red sea bream (Pagrus major) and
Pacific mackerel (Scomber japonicus) (Nakagawa & Nagayama, 1989; Cory & Wold,
1966; Pietkiewicz et al., 1983). In 2013, β-enolase (50 kDa) and aldolase (40 kDa) were
purified from the muscle of Atlantic cod (Gadus morhua), Atlantic salmon (Salmo
salar), and yellowfin tuna (Thunnus albacares) and were identified as new fish allergens.
Based on the cross-inhibition ELISA, it was concluded that both enzymes demonstrated a
limited inter-species cross-reactivity. Moreover, β-enolase and aldolase appeared to be
native oligomers being sensitive to thermal treatment (Kuehn et al., 2013). Another
possible cross-reactivity was observed between two β-enolases, prepared from Nile
perch (Lates niloticus) and Atlantic cod muscles tissues, where cod-allergic patients
were also sensitive to β-enolase from Nile perch (Tomm et al., 2013). β-enolase has
also been identified from blunt snout bream (Megalobrama amblycephala) and
Mozambique tilapia (Oreochromis mossambicus). These data suggest that fish β-eno-
lases are becoming to be recognized as important fish allergens (Liu et al., 2011;
Liu et al., 2012). Currently, there are several β-enolases that are officially recognized
as allergens by the World Health Organization/International Union of Immunological
Societies (WHO/IUIS) Allergen Nomenclature Database (http://allergen.org): β-eno-
lases isolated from Atlantic cod (Gad m 2), chicken (Gal d 9), striped catfish (Pan
h 2), Atlantic salmon (Sal s 2) and yellowfin tuna (Thu a 2). In 2020, common
carp β-enolase was identified as a new allergen under the name Cyp c 2 by WHO/
IUIS Allergen Database (http://www.allergen.org/viewallergen.php?aid = 1045), after
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our group showed that several fish-allergic patients were sensitive to recombinant
common carp β-enolase.

Common carp belongs to the largest family of freshwater fish, habitat in ponds, lakes,
rivers, water reservoirs and is distributed all over the world: from Asia, Europe to Africa,
North America, Australia (Rahman, 2015; Karnai & Managemet, 2018). It is one of the
most commonly consumed and produced in aquaculture fish species that can trigger
allergy symptoms to fish-allergic patients. Extensive studies on carp parvalbumin
demonstrated that this protein contains IgE-binding epitopes, also detected in parvalbu-
mins of various fish species (Baltic cod, chub mackerel, Atlantic salmon). Later, other
studies confirmed that parvalbumins are cross-reactive fish allergens and the purified
recombinant carp parvalbumin could be used as a tool for the serologic diagnosis of
fish allergy (Rahman, 2015; Swoboda et al., 2002; Sharp & Lopata, 2014).

Monoclonal antibodies (MAbs) generated against selected allergen components could
be used for more detailed allergen characterization using various methods (immunohisto-
chemistry, radioimmunoassay, Enzyme-Linked ImmunoSorbent Assay (ELISA), Western
blot) and could be applied for detection of individual allergens in allergen extracts (Celio
et al., 1990; Asturias et al., 2002). Natural allergen extracts are mixtures of allergens and
undefined non-allergenic compounds (proteins, sugars, lipids), obtained from natural
allergen sources (Kleine-Tebbe & Jakob, 2017). Commercially available allergen extracts
are widely used for allergy treatment (in specific immunotherapy) and for allergy testing
(in skin prick tests (SPT) and provocation tests). However, these extracts have several dis-
advantages such as the presence of contaminants, proteases, or unknown non-allergenic
components, as well as insufficient amount of certain allergen components. These
factors may affect the reactivity of patients with specific allergen components and limit
the suitability of allergen extracts for in vivo allergy testing (Ruethers et al., 2019;
Valenta et al., 2018). On the other hand, preparation of standardized allergen extracts
from high quality allergen sources could improve their efficacy in specific immunotherapy
and their reliability in performed allergy tests (Singh, 2018). MAbs against allergen com-
ponents could be used for more detailed characterization of allergen extracts by detecting
the selected component and determination of its total content in the extract. For instance,
several different Parietaria judaica extracts were standardized using the MAbs specific to
certain Parietaria judaica allergen components (Afferni et al., 1995). Another example,
MAbs against several Olea europaea pollen-extract components were used to develop a
solid-phase radioimmunoassay for the quantitation of the Ole e I allergen in the analyzed
extracts (Lombardero et al., 1992).

Several monoclonal and polyclonal antibodies have been generated against different
enolase isoforms. Rabbit polyclonal antibodies were developed against streptococcal
surface enolase (SEN) and human α- and β-enolases, while mouse MAbs were developed
against cell surface enolase of Aspergillus fumigatus, streptococcal surface enolase (SEN),
human α- and γ-enolases, Plasmodium falciparum enolase and recombinant Chaeto-
mium globosum enolase (Pietkiewicz et al., 2018; Yadav & Shukla, 2019; Fontán et al.,
2000; Thomas et al., 1987; Lipman et al., 2005; López-Alemany et al., 2003; Dutta
et al., 2018; Green et al., 2014). To our best knowledge, the MAbs against fish β-enolases
and in particular against common carp β-enolase have not yet been reported.

The aim of this study was to clone the β-enolase gene from common carp fish muscle,
produce the target protein in Escherichia coli (E. coli) cells, and generate MAbs as a tool
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for β-enolase detection and investigation. The newly developed MAbs have been charac-
terized using various immunoassays and their cross-reactivity with β-enolases from
several fish species and extracts of other organisms has been examined.

Materials and methods

Bacterial strains and cell lines

E. coli strains DH10B (Thermo Fisher Scientific, USA) and Tuner (DE3) (Novagen,
Merck, USA), were grown at 37°C in Luria–Bertani (LB) medium (Roth, Germany).
LB medium was supplemented with 100 µg/ml ampicillin (Sigma Aldrich, Germany)
for recombinant pJET1.2 and 30 µg/ml kanamycin (Sigma Aldrich, Germany) for recom-
binant pET28-MBP-TEV-based plasmids.

Mouse Sp2/0 myeloma cells used for generation of hybridomas and hybridoma cells
were cultured in Dulbecco’s modified Eagle’s growth medium (DMEM, HyClone, GE
Healthcare, USA) supplemented with 9% fetal bovine serum (FBS, Biochrom, UK),
200 μg/mL gentamicin (Carl Roth, Germany) and 2 mM L-glutamine (Sigma Aldrich,
Germany), incubated at 37°C and 5% CO2, in a humidified atmosphere.

Isolation of mRNA from common carp tissue and cDNA synthesis

Common carp (Cyprinus carpio) was obtained from a local carp farm. The fish was
sacrificed in accordance with the Law on welfare and protection of animals of the Repub-
lic of Lithuania and the European Directive 2010/63/UE on the protection of animals
used for scientific purposes. mRNA was isolated from a carp skeletal muscle using the
Quick-RNA Miniprep Kit (Zymo Research, USA) according to manufacturer’s rec-
ommendations. The first strand cDNA was prepared using the RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) according to manufac-
turer’s instructions.

PCR amplification, cloning and sequencing

The cDNA corresponding to the β-enolase coding gene was amplified to introduce the
BglII and SalI sites at 5‘- and 3‘-end of the polymerase chain reaction (PCR) fragment
using primers 5’-GAGATCTATGTCCATCAGTAAGATTCACGCTCG and 5’-
CGTCGACTCAGAGTTTGGGGTGGCGGAA. PCR was performed with Phusion
Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, USA) and the
amplified DNA fragment was cloned into pJET1.2 vector. Positive colonies were selected
and the cloned DNA sequence was verified by sequencing.

Expression of recombinant fusion protein MBP-Eno in E. coli

The recombinant plasmid pJET1.2 bearing the DNA sequence similar to β-enolase-encod-
ing partial sequences (GenBank accession no. LHQP01000860.1 and LHQP01019434.1) was
selected. The enolase-encoding DNA fragment was digested with BglII and SalI restriction
endonucleases and cloned into BamHI/XhoI-digested pET28-MBP-TEV vector (a gift from
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Zita Balklava & Thomas Wassmer, Addgene plasmid #69929; http://n2t.net/addgene:69929;
RRID:Addgene_69929) (Currinn et al., 2016). The resulting construct pET28-MBP-TEV-
Cypc2 included the β-enolase encoding gene (abbreviation cypc2) fused to the MBP
coding sequence. The synthesis of β-enolase in E. coli Tuner (DE3) cells was induced
with 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma Aldrich, Germany).
After 4 h of cultivation at 25°C and 37°C, the cells were harvested and disrupted by soni-
cation (Bandelin Sonopuls HD 3100, Bandelin Electronic, Germany). The soluble and inso-
luble fractions were separated by centrifugation at 32,500 × g for 5 min at 4°C and were
analysed on 12% SDS-PAGE under reducing conditions.

Purification of recombinant MBP-Eno

E. coli Tuner (DE3) cells transformed with pET28-MBP-TEV-Cypc2 were cultivated with
shaking at 37°C for 2 h until cultures reached OD600 = 0.8. The protein synthesis was
induced with 0.1 mM IPTG and the cells were incubated for 4 h at 25°C with shaking.
The cells were collected by centrifugation at 4000 × g for 15 min at 4°C, the pellets
were washed with buffer (20 mM Tris-HCl, pH 7.4, 200 mM NaCl) followed by centrifu-
gation at 3000 × g for 15 min at 4°C and kept frozen at −20°C.

A total of 1 g wet biomass was suspended in 5 ml of lysis buffer (20 mM sodium phos-
phate, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM 1,4-dithiothreitol (DTT), 1 mM phe-
nylmethylsulphonyl fluoride). The cells were disrupted by sonication. The supernatant
was clarified by centrifugation at 20,000 × g for 20 min at 4°C and diluted (ratio 1:6)
with the 20 mM sodium phosphate buffer (pH 7.4) containing 200 mM NaCl and
1 mM EDTA. The supernatant was filtered through 0.45 μm hydrophilic polyvinylidene
difluoride (PVDF) membrane (Merck Millipore, Hertfordshire, UK). Purification of
recombinant MBP-tagged enolase protein was performed on the AKTA purifier 100
chromatography system equipped with the sample pump P-960 and the fraction collector
Frac-920 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The protein was loaded on
1 ml MBPTrap HP column prepacked with Dextrin Sepharose High Performance (GE
Healthcare, USA), equilibrated with binding buffer (20 mM sodium phosphate, pH
7.4, 200 mMNaCl, 1 mM EDTA). The protein was eluted with binding buffer containing
10 mM maltose. Fractions containing the highest amount of the pure protein were
pooled and transfered to the storage buffer (binding buffer with added 10 mM
maltose). The concentration of the purified protein was determined by the Bradford
assay using bovine serum albumin as a standard. The protein was stored at 4°C.

Expression of truncated MBP-Eno variants in E. coli

Three truncated overlapping recombinant MBP-Eno variants, MBP-Eno-C1, MBP-Eno-
C2, andMBP-Eno-C3, were produced in E. coli. For MBP-Eno-C1, a synthetic DNA frag-
ment 5’-TCGAGTAAGCGGCCGCTT-3’ was inserted into BamHI-cleaved pET28-
MBP-TEV-Cypc2 (open access: https://bccm.belspo.be/catalogues/lmbp-plasmids-
plasmid-details?NM = pET-28a-MBP-TEV-Cypc2) plasmid. The resulting plasmid
pET28-MBP-TEV-Cypc2-C1 was transformed into E. coli Tuner (DE3) strain. The syn-
thesis of MBP-Eno-C1 was induced with 0.1 mm IPTG. After 4 h of cultivation at 25°C,
the cells were collected by centrifugation at 0.8 × g for 5 min.
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For MBP-Eno-C2, XhoI-cleaved pET28-MBP-TEV-Cypc2 plasmid was ligated with
the synthetic DNA fragment 5’-GATCCATAAGCGGCCGCT-3’. The resulting
plasmid was named pET28-MBP-TEV-Cypc2-C2.

For MBP-Eno-C3, the synthetic cypc2 gene (435 bp, truncated at 5‘-end) coding for
Eno-C3 protein was inserted into BamHI/XhoI-digested pET28-MBP-TEV plasmid.
The resulting plasmid was named pET28-MBP-TEV-Cypc2-C3. Synthesis of MBP-
Eno-C2 and MBP-Eno-C3 was performed as described for MBP-Eno-C1.

Cleavage of recombinant MBP-Eno with TEV protease

For a proteolytic cleavage, 5–10 μg of purified recombinant MBP-Eno protein was incu-
bated with TEV protease (ratio 20:1), reduced glutathione (GSH) (a final concentration
3 mM), and oxidized glutathione (GSSG) (a final concentration 3 mM) at room tempera-
ture (RT) overnight. The efficiency of proteolytic cleavage was evaluated by SDS-PAGE
and Western blot.

Generation of MAbs against recombinant MBP-Eno

BALB/c mice (6–8 week old, female) were immunized 3 times by a subcutaneous injec-
tions of 50 μg of purified recombinant MBP-Eno protein (dissolved in phosphate-
buffered saline (PBS), pH 7.4) every 4 weeks: for the primary immunization the
antigen was mixed with the complete Freund‘s adjuvant (Thermo Fisher Scientific,
USA); for the secondary immunization the antigen was mixed with the incomplete
Freund‘s adjuvant (Thermo Fisher Scientific, USA) and the boosted dose was injected
without any adjuvant. The maintenance of mice and experimental procedures were per-
formed by certified staff in accordance with FELASA guidelines and conformed to
Lithuanian and European legislation in the Department of Biological Models (Institute
of Biochemistry, Life Sciences Center, Vilnius University). The permission to use
BALB/c mice for immunizations was obtained from the Lithuanian State Food and
Veterinary Agency (permission No. G2-117, issued 11 June 2019). Throughout all immu-
nization process the titres of antibodies specific to the antigen were tested by indirect
ELISA, allowing to select the immunized mouse with the best response to the antigen.
Hybridization was performed essentially as described by Kohler and Milstein (Köhler
& Milstein, 1975). Three days before cell fusion, the selected mouse was boosted subcu-
taneously with 50 μg of MBP-Eno protein in PBS. The spleen cells of the immunized
mouse were fused with mouse myeloma Sp2/0 cells by incubating cells with polyethylene
glycol solution (PEG-4000, Sigma-Aldrich, Germany) in growth medium (fusion ratio
4.5:1). Hybridomas were selected using growth medium supplemented with 15% FBS
and hypoxanthine/aminopterin/thymidine (HAT, Sigma-Aldrich, Germany). Within
10–12 days after fusion, when hybrid clones appeared, hybridoma growth medium
was screened by an indirect ELISA for antigen-specific antibodies using recombinant
MBP-Eno and MBP protein (as a negative control). Hybrid cells producing antibodies
specific to MBP-Eno and non-reactive with MBP were cloned by a limiting dilution
assay. Within 7–10 days after cloning, viable cell clones were tested by an indirect
ELISA and the selected clones were propagated, then cultivated in vitro or frozen for a
storage in liquid nitrogen.
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Indirect ELISA

This assay was used to analyze blood samples of immunized mice, hybridoma super-
natants for selection of positive clones and to investigate MAb specificity. Mutiwell poly-
styrene plates (MaxiSorp, Thermo Fisher Scientific, USA) were coated either with
recombinant protein or allergen extract (50 µl per well) diluted in coating buffer (0.05
M sodium carbonate buffer, pH 9.5), to a concentration of 5 µg/mL or 10 µg/mL, respect-
ively, and incubated overnight at 4°C. Plates were blocked with 200 µl/well of 1x Roti-
Block (Roth, Germany) in deioinized water for 1 h at RT and then washed two times
with water. Mouse blood samples diluted 1:200–1:145800 in PBS-T (0.1% Tween 20 in
PBS), and undiluted hybridoma supernatants were added to the wells (50–150 µl/well)
and incubated for 1 h at RT. Then the plates were washed 5 times with PBS-T and incu-
bated for 1 h at RT with goat anti-mouse IgG antibody conjugated to horseradish peroxi-
dase (HRP) (Bio-Rad, USA) (50 µl per well) diluted 1:5000 in PBS-T. After washing the
plates 5 times with PBS-T, 50 µl of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Clini-
cal Science Products, USA) was added to the wells and incubated for 5–15 min at RT in
the dark. The reaction was stopped by adding 25 µl/well of 3.6% sulfuric acid. The optical
density (OD) was measured at 450 nm (reference filter 620 nm) using plate spectropho-
tometer (Multiscan GO, Thermo Fisher Scientific, USA).

To investigate the reactivity of MBP-Eno with IgE from blood serum samples of fish-
allergic patients, 96-well plates were coated with the purified recombinant MBP-Eno
and MBP proteins (50 µl per well) diluted in coating buffer (a final concentration 5 µg/
mL), and incubated overnight at 4°C. After blocking plates with 1x RotiBlock for 1 h at
RT, human serum samples from patients with a confirmed fish allergy (PlasmaLab Inter-
national, USA) diluted 1:10–1:90 in PBS-T were added to the wells and incubated for 2 h at
RT. Afterwards, the plates were washed with PBS-T and incubated with mouse anti-human
IgE Fc-HRP (SouthernBiotech, USA) diluted 1:1000 in PBS-T for 1 h at RT.Washing of the
plates and detection of the enzymatic reaction were performed as above.

Determination of MAb isotypes and the apparent dissociation constant (Kd)

MAbs isotypes were determined using the Mouse Immunoglobulin Isotyping ELISA Kit
(BD Biosciences, USA) according to the manufacturer’s protocol.

The apparent dissociation constants (Kd) of the MAbs were determined by an indirect
ELISA. The 96 well plates were coated with recombinant MBP-Eno protein (5 µg/mL).
After blocking, the wells were incubated for 1 h at RT with the purified MAbs (prepared
in concentrations ranging from 3.3 × 10−8 M to 1.863 × 10−13 M) diluted in PBS-T. The
values of MAb Kd were calculated from titration curves as described previously (Zvirbliene
et al., 2010), using scientific data analysis and graphing software (OriginPro 9.1, OriginLab).

MAb purification from hybridoma supernatants

MAbs were purified from hybridoma supernatants, diluted with washing/binding buffer
(1.5 M glycine, pH 8.9, 3 M NaCl) (ratio 1:3), using AKTA purifier 100 chromatography
system equipped with the sample pump P-960 and the fraction collector Frac-920 (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden) and 1 ml HiTrap® Protein A High
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Performance (GE Healthcare, USA) column. The column was equilibrated with washing/
binding buffer and protein elution was carried out with elution buffer (100 mM glycine,
pH 3.0). Purified antibodies were dialyzed overnight at 4°C against PBS. Collected MAbs
samples were sterile filtered, stored at 4°C and antibodies concentrations were deter-
mined using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA).

Western blot

Recombinant proteins, cell lysates and allergen extracts were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions.

After SDS-PAGE, proteins were transferred to a polyvinyldifluoride (PVDF) mem-
brane (Carl Roth, Germany). The membranes were blocked with 2% milk powder in
PBS for 1 h at RT. After washing with PBS-T, the membranes were incubated with
diluted hybridoma supernatants in a ratio of 1:2 or with purified MAb (a final concen-
tration 5 µg/ml) in 2% milk powder in PBS-T for 1 h at RT. After washing, the mem-
branes were incubated with goat anti-mouse IgG antibody conjugated to HRP (Bio-
Rad, USA) diluted 1:4000 in 2% milk powder in PBS-T for 1 h at RT. Following a
wash cycle, the membrane was treated with 1-Step™ TMB-Blotting Substrate Solution
(Thermo Fisher Scientific, USA) for 5–10 min. The enzymatic reaction was stopped by
washing membranes in deionized water.

Dot blot

Samples (2 μl) of purified recombinant MBP-Eno and MBP proteins (0.1–1 μg, diluted in
PBS), either non-denaturated or denaturated by boiling for 10 min at 100°C, were
spotted onto the nitrocellulose membrane (Carl Roth, Germany) in a series of small
dots. Membranes were dried for 20–30 min at RT and then blocked with 2% BSA in
PBS-T for 1 h at RT. After washing the membranes twice with PBS-T, they were incu-
bated with patients’ sera diluted 1:30 in PBS-T supplemented with 2% BSA for 2 h at
RT. The membranes were washed with PBS-T and incubated with mouse anti-human
IgE Fc-HRP (SouthernBiotech, USA) diluted 1:1000 in PBS-T supplemented with 2%
BSA for 1 h at RT. The subsequent membrane washing and treatment with TMB-Blotting
Substrate Solution was performed as described for Western blot analysis.

Fish allergen extracts and in-house prepared extracts

Commercial fish extracts were purchased from two different manufacturers (DST,
Germany and Labor Dr. Weyers, Germany).

In-house allergen extracts of chicken (Gallus domesticus) and pork (Sus scrofa domes-
ticus) were prepared from chilled muscle tissues purchased from a local store. A piece of
muscle tissue (1–3 g) was homogenized in PBS supplemented with 150 mM NaCl
(volume of each homogenate is ∼15 ml) using the glass Dounce homogenizer (5 min
on ice). The supernatant was clarified by centrifugation at 4000 × g for 15 min at 4°C,
and stored at −20°C.

Baker’s yeast extract was prepared by dissolving 300 mg of Baker’s yeast (obtained
from a local store) in 1 ml of PBS supplemented with 150 mM NaCl. The prepared
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extract was stored at −20°C. Protein concentration in the prepared extracts was deter-
mined using the Bradford assay.

Results

Expression and purification of recombinant common carp β-enolase fused to
maltose binding protein

Common carp β-enolase coding gene was amplified from cDNA synthesized from the
mRNA extracted from the skeletal muscle of a common carp (Cyprinus carpio). After
cloning the 1316 bp-long PCR fragment into pJET1.2 vector, we selected the recombi-
nant plasmids bearing the cloned sequences that showed high similarity with that of
β-enolase partial sequences published in GenBank.

Recombinant β-enolase with the N-terminal MBP (MBP-Eno) was produced in E. coli.
Recombinant fusion protein (calculated molecular weight 91.7 kDa) was found in both
soluble and insoluble fractions of the cell lysates. A fraction of soluble MBP-Eno obtained
after the induction of protein synthesis at 25°C (Figure 1) was subjected to purification
via affinity chromatography using MBPTrap HP column prepacked with Dextrin Sepha-
rose (Supplementary Figure S1). The yield of the purified MBP-Eno was about 5 mg from
1 g of wet E. coli biomass.

Antigenic characterization of MBP-Eno

To analyze whether common carp β-enolase is an allergen, the reactivity of the purified
recombinant MBP-Eno with immunoglobulins E (IgE) present in serum samples of
patients with diagnosed fish allergy was tested by ELISA and dot blot. Among 18 well-
characterized serum specimens (PlasmaLab International, USA), 4 were found to be reac-
tive with non-denatured recombinant MBP-Eno by ELISA and only 3 specimens by dot

Figure 1. SDS-PAGE analysis of recombinant MBP-Eno protein in E. coli lysates. After induction of
protein synthesis, E. coli cells were grown at 25°C and 37°C. Lane 1: E. coli lysate before induction;
lanes 2, 5: soluble fraction of cell lysates after induction; lanes 3, 6: insoluble fraction of cell lysates
after induction; lanes 4, 7: total cell lysate after induction; lane 8: protein molecular weight marker
(Thermo Fisher Scientific, USA). The arrow indicates the migration position of recombinant MBP-Eno.
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blot (Figure 2). The MBP-Eno-positive serum samples did not react with MBP used as a
negative control that confirms the specificity of the assay. The data also demonstrate that
common carp β-enolase is a newly identified human allergen. It was included intoWHO/
IUIS Allergen Database under the name Cyp c 2.

Generation of MAbs against recombinant MBP-Eno

For the production of MAbs, BALB/c mice were immunized with purified recombinant
MBP-Eno. Hybridomas were generated by fusion of mouse myeloma cells with spleen
cells isolated from the immunized mouse with the highest antibody titer (1:16200).

Figure 2. The reactivity of serum IgE of fish-allergic patients with purified recombinant MBP-Eno
determined by dot blot (A) and ELISA (B). As a negative control, purified MBP was used. S1–S4:
serum specimens of patients with confirmed fish allergy; C1: serum specimen of a patient with
other allergies; C2: serum specimen of a healthy (non-atopic) individual. Different amounts of
denatured and non-denatured MBP-Eno were used in dot blot. Serum samples analyzed by ELISA
were diluted in a ratio of 1:10 and measured without replicate. OD indicates optical density.
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Hybridoma clones were screened by an indirect ELISA using purified recombinant MBP-
Eno and MBP protein as a negative control to identify only β-enolase-specific clones.
Hybridomas producing antibodies specific to MBP-Eno and non-reactive with MBP
were cloned by limiting dilution assay and later tested again for their specificity for β-
enolase. In total, two stable hybridoma cell lines producing MAbs of IgG isotype
against β-enolase were developed: clones 14F3 and 6E4. The supernatants of these hybri-
domas were used for the purification of MAbs and their characterization.

Determination of the isotypes and the specificity of the MAbs

The results of an indirect ELISA showed that both antibodies are of IgG2b subtype and
react with recombinant MBP-Eno (Table 1). The ability of the MAbs to recognize SDS-
denatured MBP-Eno was tested by Western blot. In addition, MAb reactivity with
recombinant β-enolase (calculated molecular weight 47.6 kDa) cleaved from MBP-Eno
by TEV protease was tested by Western blot. Recombinant MBP protein was used as a
negative control. Only MAb 6E4 reacted with both MBP-Eno and β-enolase in
Western blot (Supplementary Figure S2). Since MAb 14F3 did not show any reactivity
with recombinant target antigens under denaturing conditions, it was concluded that
this antibody recognizes a conformation-sensitive epitope of β-enolase.

To determine the affinity of the generated MAbs to recombinant β-enolase, the appar-
ent dissociation constant (Kd) values of each antibody were calculated from the results of
an indirect ELISA, indicating that both MAbs are of high affinity with Kd values 3.04 ×
10−10 and 7.64 × 10−8 for MAb 14F3 and MAb 6E4, respectively (Table 1).

Investigation of the cross-specificity of the MAbs

To investigate the ability of MAbs to detect β-enolase in natural extracts from carp and
other fish species (cod, salmon and herring), fish allergen extracts from two different
manufacturers were tested by ELISA and Western blot. Both antibodies were shown to
be cross-reactive by ELISA: MAb 14F3 recognized β-enolase in carp extract from the
manufacturer M2 and reacted with salmon extracts from both manufacturers, while
MAb 6E4 showed reactivity to all fish extracts, except to herring extract from the man-
ufacturer M2. Even though these extracts were prepared from the same fish species but by
two individual producers, the analyzed MAbs demonstrated different reactivity strength
with the target allergen (Supplementary Figure S3). Western blot of heated fish extracts
with MAb 6E4 revealed bands at the positions that correspond to the molecular weight of
full-length β-enolase and shorter length proteins that correspond to its partially degraded
forms in all fish extracts except the herring extract (Figure 3). These data suggest that

Table 1. Properties of MAbs raised against recombinant MBP-Eno protein.

Hybridoma clone Subtype (subclass) Kd (M)

Reactivity with different antigens

ELISA Western blot

MBP-Eno MBP MBP-Eno β-enolase MBP

14F3 IgG2b 3.04 × 10−10 + − − − −
6E4 IgG2b 7.64 × 10−8 + − + + −
+indicates MAb reactivity with the antigen; – no reactivity.
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both MAb 14F3 and 6E4 are specific not only to common carp β-enolase, but also cross-
react with β-enolases of other fish species.

The possible cross-reactivity of MAb 6E4 with enolases from other organisms was
investigated by Western blot using E. coli Tuner (DE3) and E. coli DH10B cell lysates,
recombinant Alternaria alternata enolase fused with MBP (MBP-Alt a 6), Baker’s
yeasts extract, and the in-house prepared chicken and pork extracts. In order to eliminate
possible non-specific reactivity in Western blot, we also used MAb 19C19 against the
recombinant MBP protein as a negative control to prove the binding of MAb 6E4
only to enolase. It was shown, that MAb 6E4 reacted with the recombinant MBP-Eno
protein in all analysed E. coli cell lysates that results in the immunostained ∼47 kDa
protein corresponding to the E. coli enolase. Moreover, MAb 6E4 reacted with
∼47 kDa proteins and their partially degraded forms in the analyzed yeast extract and
in both in-house prepared meat extracts, that corresponded to Saccharomyces cerevisiae
enolase, chicken and pork β-enolases, respectively (Figure 4). MAb 19C19 used as a nega-
tive control was reactive with recombinant purified MBP-Eno, MBP-Alt a 6 and MBP
proteins, and also recognized MBP-containing proteins in all E. coli cell lysates, but
did not show any reactivity with yeast and in-house prepared meat extracts thus confi-
rming the specificity of the assay (data not shown).

Figure 3. The reactivity of MAb 6E4 with heat-inactivated fish extracts obtained from diffferent man-
ufacturers. A: fish extracts from manufacturer M1; B: fish extracts from manufacturer M2. The left
panel: SDS-PAGE, the right panel: Western blot with MAb 6E4. Lane 1: protein molecular weight
marker; lane 2: the cod fish extract; lane 3: the carp extract; lane 4: the herring extract; lane 5: the
salmon extract. The migration position of full-length β-enolase indicated by an arrow.
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Mapping of the MAb 6E4 epitope

To localize the epitope of recombinant β-enolase (aa 1–836), that is recognized by MAb
6E4, three truncated overlapping recombinant variants of β-enolase were constructed:
MBP-Eno-C1 (containing aa 1–698 of β-enolase), MBP-Eno-C2 (aa 1–622) and MBP-
Eno-C3 (aa 1–543) (Figure 5). All these proteins were expressed in E. coli Tuner
(DE3) strain. MAb 6E4 reactivity with the lysates of transformed E. coli cells expressing
recombinant proteins was investigated by Western blot. It was determined, that antibody
MAb 6E4 reacts with recombinant full-length MBP-Eno (91.7 kDa) and recombinant
truncated MBP-Eno-C1 (76.3 kDa) protein, but no reactivity was observed with trun-
cated recombinant MBP-Eno-C2 (67.8 kDa) and MBP-Eno-C3 (59.3 kDa) proteins
(Supplementary Figure S4). After analysing the overlapping aa sequences of β-enolase
in all truncated MBP-Eno proteins it was concluded, that the C-terminally located 76

Figure 4. The reactivity of MAb 6E4 with enolases from different organisms. A: SDS-PAGE, B: Western
blot with MAb 6E4. Lane 1: protein molecular weight marker; lane 2: MBP-Eno in E. coli Tuner (DE3) cell
lysate; lane 3: MBP-Alt a 6 in E. coli Tuner (DE3) cell lysate; lane 4: E. coli DH10B cell lysate; lane 5: E. coli
Tuner (DE3) cell lysate; lane 6: the Baker‘s yeast extract; lane 7: in-house prepared chicken extract; lane
8: in-house prepared pork extract; line 9: recombinant purified MBP protein. The migration position of
enolases indicated by an arrow.
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aa-long fragment of common carp β-enolase spanning aa residues from 623 to 698
(specifically: 623-NNEALELLKSAIEKAGYPDKIIIGMDVAASEFFKNGKYDLDFKSPD
DPKRHITGDQLGDLYKSFIKNYPVQSIEDP-698) presumably includes MAb 6E4
epitope (Figure 5). Sequence alignment of the C-terminal part of different β-enolases
revealed a high degree of identity ranging from 70 to 90% across β-enolases of Atlantic
salmon, striped catfish and chicken (Figure 6).

Discussion

Urticaria, rhinitis and diarrhea are the most common allergy symptoms, that could be
trigerred by one of the main food allergens – fish. As valuable nutrients, fish dishes

Figure 5. Mapping of MAb 6E4 epitope using truncated variants of MBP-Eno comprising aa 1–698
(MBP-Eno-C1), aa 1–622 (MBP-Eno-C2) and aa 1–543 (MBP-Eno-C3) of β-enolase. The aa sequence
recognized by MAb 6E4 indicated by a box (aa 623–698).

Figure 6. Sequence alignment of the C-terminal part (aa 623–698) of common carp β-enolase (Cyp c
2) with β-enolases of Atlantic salmon (Sal s 2), striped catfish (Pan h 2) and chicken (Gal d 9). Colored
boxes indicate aa residues that are identical with Cyp c 2.
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become more and more popular in human diets (Kuehn et al., 2014; Klueber et al., 2019).
There are approximately 34,000 described fish species in the world and more than 240
fish allergens are identified and characterized to date (Parenti & Weitzman, 2021; Fer-
nandes et al., 2015). The amount of consumed fish and the population of certain fish
species vary all over the world (Klueber et al., 2019). In Europe, the most commonly
eaten fish species are cod, salmon and herring, while in Asia – tilapia, barramundi and
carp (Kalic et al., 2019). Depending on the geographical region, eating habits and fish
preparation traditions, allergic patients could be sensitized to one specific fish species
or could experience clinical cross-reactions to several different fish species. The only
advice for fish-allergic individuals is to avoid eating all fish, even though they would
be able to tolerate specific fish species (like tuna, mackerel) (Dijkema et al., 2020;
Klueber et al., 2019). Identification of new and a more detailed study of existing fish aller-
gens is important for developing better fish allergen detection methods, that could be
applied for more accurate allergy diagnosis (Stephen et al., 2017).

Enolase is a glycolytic enzyme, distributed in various organisms (rabbit, human,
chicken, fish, yeast, bacteria and other) (Nakagawa & Nagayama, 1989). The first
enolase identified as human allergen in 1988 was enolase from Saccharomyces cerevisiae.
Later, enolase was shown to be an allergen in other mold and yeast species (Alternaria
alternata, Aspergillus fumigatus, Cladosporium herbarum, Penicillium citrinum and
ect.) and several recombinant enolases were produced (recombinant Cla h 6, Alt a 6,
Asp f 22, Pen c 22, Rho m 1). Moreover, enolase has also been identified and registered
as an allergen of plants (Hev b 9) and pollen (Amb a 12, Cyn d 22) along with β-enolase of
chicken (Gal d 9) and fish (Gad m 2, Sal s 2, Pan h 2 and Thu a 2) (Simon-Nobbe et al.,
2000; Morales-Amparano et al., 2021). In the current study, we describe production and
antigenic characterization of common carp β-enolase, which was registered as the new
fish allergen Cyp c 2 by the WHO/IUIS Allergen Database based on its reactivity with
serum samples of fish-allergic patients. For more detailed characterization of the newly
identified fish allergen, we expressed recombinant common carp β-enolase fused with
MBP (MBP-Eno) in E. coli cells, resulting in a soluble protein of ∼91.7 kDa. MBP as a
fusion partner was used both to enhance the solubility of the recombinant target
protein and as a purification tag because MBP effectively binds to amylose resin
(Reuten et al., 2016).

Allergen-specific MAbs could be used for standardization of allergen extracts to
improve their quality, for the development of new immunoassays for allergen detection,
or isolation of the allergen from prepared food or environment samples (Chapman, 1988;
Atanasio et al., 2021). Immunization of mice with recombinant fused protein MBP-Eno
resulted in two hybridoma cell lines producing MAbs specific to recombinant common
carp β-enolase. Both antibodies, MAb 14F3 and 6E4, showed high affinity to the recom-
binant MBP-Eno by ELISA, however, only MAb 6E4 recognized linear epitopes of the
target antigen by Western blot. To our best knowledge, the MAbs against fish β-
enolase have not yet been described.

Fish β-enolases, like other fish allergens parvalbumins, were shown to share sequence
similarity among different fish species (Kuehn et al., 2013). The aa sequence of common
carp β-enolase (Cyp c 2) was aligned with several aa sequences of other fish β-enolases
from WHO/IUIS Allergen Database: Sal s 2 and Pan h 2, using protein Blast from
NCBI. The alignment revealed more than 90% identity of aa sequences among these
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fish β-enolases. Therefore, we reasonably considered that the newly generated MAbs
14F3 and 6E4 could also react with other fish β-enolases. MAb cross-reactivity was
tested using commercial fish extracts from two different manufacturers. Both MAbs
demonstrated specificity to β-enolases of common carp and other fish species, suggesting
that common carp, Atlantic herring, Atlantic salmon and Atlantic cod β-enolases contain
common epitopes that are recognized by these MAbs and proving that these allergens
share high aa sequence identity. Moreover, MAb 6E4 demonstrated a similar cross-reac-
tivity pattern with heated and SDS-denatured fish extracts in Western blot, providing an
important information that the amount of β-enolase in allergen extracts not only differs
among different fish species, but also among manufacturers. The content of fish allergens
in several commercial fish extracts from different manufacturers was analyzed in pre-
vious studies (Ruethers et al., 2019). They showed that the amount of fish allergens (parv-
albumins, β-enolases, aldolases A, collagen and tropomyosin) also varies in allergen
extracts and their content should be standartized to improve their suitability for fish all-
lergy diagnostics. There are several studies, where allergen-specific MAbs were used for
the characterization of allergen extracts of Parietaria judaica, Dermatophagoides ptero-
nyssinus and Dermatophagoides farinae (Afferni et al., 1995; Luczynska et al., 1989).
Since the newly generated MAbs are cross-reactive with β-enolases of several different
fish species, they could be highly useful to analyse the amount of β-enolase in commercial
or in-house prepared extracts of common carp, Atlantic herring, Atlantic salmon or
Atlantic cod fish and improve their quality for further applications.

Besides fish, enolases from fungi, plants and animals also share high sequence identity
accross each group: the similarity of enolases among fungi is ≥72%, in plants ≥86% and in
animals ≥81% (Morales-Amparano et al., 2021). Moreover, enolase isolated from yeast
Candida albicans was shown to have a similar aa sequence to Saccharomyces cerevisiae
enolase. In other study, IgE cross-reactivity between recombinant Hevea latex enolase
(rHev b 9) and rCla h 6 and rAlt a 5 was demonstrated (Ito et al., 1995; Wagner et al.,
2000). Since enolase aa sequences share high similarity among different organisms, we
investigated the reactivity of MAb 6E4 with several selected enolases by Western blot
and demonstrated, that MAb 6E4 recognizes enolases from E. coli and Saccharomyces cer-
evisiae, as well as β-enolase from chicken and pork. After aligning aa sequences of Cyp c 2
with E. coli (UniProtKB accession no. P0A6P9) and Saccharomyces cerevisiae (UniProtKB
accession no. P00924) we determined that sequence identities are 54% and 65%, respect-
ively, suggesting that MAb 6E4 recognizes a highly conserved aa sequence of these anti-
gens. Moreover, MAb 6E4 was shown to recognize Gal d 9 in the in-house prepared
chicken extract. The reactivity of MAb 6E4 with this allergen could be explained by the
high homology between Cyp c 2 and Gal d 9 (aa sequences share 84% identity). The
cross-reaction between chicken β-enolase (Gal d 9) and Atlantic cod β-enolase (Gad m
2) was demonstrated by Kuehn et al in 2016 (Kuehn et al., 2016). Based on the results
of our experiments and previous studies, we assume that Gal d 9 could share common epi-
topes with β-enolases of other animals. Additional studies are needed to evaluate the poss-
ible cross-reactivity of antibodies raised against β-enolases from other fish species and
enolases from bacteria, yeast and other organisms. Currently, there is no information
about the allergenic potential of pork β-enolase, however, the results presented here on
fish β-enolases may promote the identification of new meat allergens and further studies
on their possible antigenic similarity with fish and chicken allergens.
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The final step in our study was to predict the localization of MAb 6E4 epitope shown
to be highly conserved accross different enolases. For this purpose, we synthesised three
MBP-Eno variants comprising truncated overlapping sequences of β-enolase. MAb 6E4
reacted with MBP-Eno-C1 protein and did not react with other two truncated MBP-Eno
variants, allowing us to identify 76 aa-long sequence (aa 623–698) comprising the epitope
of MAb 6E4. The aa sequence recognized by the MAb 6E4 was aligned with aa sequences
of other fish (striped catfish and Atlantic salmon) and chicken β-enolases, showing simi-
larity more than 90% and 70%, respectively. This high aa sequence identity could explain
the cross-reactivity of MAb 6E4 with β-enolases from various organisms and its potential
application in the standartization of fish allergen extracts.

In conclusion, common carp β-enolase was sucessfully cloned from fish muscle, pro-
duced in E.coli and proven as a new allergen based on its reactivity with blood serum
specimens of fish-sensitized patients. Two MAbs were raised against recombinant
MBP-Eno and characterized by different immunoassays, confirming MAb specificity
to β-enolase. The demonstrated cross-reactivity of the MAbs with β-enolases of other
fish species suggest that the newly developed MAbs, in particular the broadly-reactive
clone 6E4, could become a promising universal tool for the characterization and stan-
dardization of fish allergen extracts.
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