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Staphylococcal enterotoxin A (SEA) synthesized
by Staphylococcus aureus is a foodborne and heat-
stable toxin, which is a great threat to human health
(Pexara et al., 2010). Highly sensitive antibodies are a
key factor in the immunological detection of SEA,
which is one of the most effective ways to detect SEA
because of its accuracy, agility, and efficiency (Nouri
et al., 2018). In this study, we constructed a tetravalent
anti-SEA antibody gene by linking the tetramerization
domain of human p53 to the C-terminus of the anti-
SEA single-chain variable fragment (scFv), which
was then transformed into Escherichia coli BL21
(DE3) for the production of a SEA-specific tetravalent
antibody. Successful expression of the tetravalent
antibody was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
western blot. An indirect non-competitive enzyme-
linked immunosorbent assay (ELISA) revealed that
the tetravalent antibody exhibited SEA-specific bind-
ing activity. A sandwich ELISA demonstrated that
compared to the scFv monomer, the tetravalent anti-
body was more sensitive in detecting SEA. Molecular
docking analysis revealed that the SEA interacted
with the scFv mainly on the opposite side of the resi-
due linked to p53. Thus, this study indicated that
genetically engineered tetramerization is a potential
way to improve the sensitivity of SEA-specific scFv.

Among staphylococcal enterotoxins (SEs), SEA
is the most frequent type recovered from foodborne
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outbreaks. It causes several symptoms, including but
not limited to nausea, vomiting, diarrhea, cramps, and
abdominal pain (Pinchuk et al., 2010). The close
connection between SEA and human infections was
confirmed by genome analysis in our study. Genome
sequences were downloaded from the United States
National Center for Biotechnology Information (NCBI)
for S. aureus strains whose complete genome sequences
are available, and used to determine whether SEA was
produced in these strains. A total of 525 strains were
tested and 85 of them (16.2%) were SEA-positive
(Fig. la). Next, we determined the host information
of these SEA-producing strains and found that 62 of
them (72.9%) were involved in human infections
(Fig. 1b). Detailed host information on SEA-producing
strains is shown in Fig. 1c. These results indicated that
SEA-producing strains were highly risky for humans.
Given that SEA is a kind of heat-stable toxin and still
has ability to induce severe symptoms in the digestive
tract after ingestion (Ortega et al., 2010), accurate de-
tection is undoubtedly important.

The first and most critical step for the immuno-
logical detection of toxins is obtaining stable and
highly sensitive antibodies and producing these anti-
bodies more quickly (O'Kennedy, 2019). For this
study, we chose the multimerization peptide of human
tumor suppressor protein p53 to fuse with the scFv
gene obtained in our previous research and construct
the tetravalent antibody against SEA (Chen et al.,
2014). The anti-SEA monoclonal antibody (mAb) used
for generating the scFv was also obtained from our
previous study (Liang et al., 2011) and preserved in our
laboratory. The coding regions of the fusion plasmids
are shown in Fig. 2a and the schematic diagram of
the tetravalent scFv antibody assembly is represented
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in Fig. 2b. The amplified scFv and p53 gene frag-
ments were digested separately with corresponding
restriction enzymes and then were ligated with digested
pET-22b plasmid. The successful construction of the
pET-22b-scFv/p53 plasmid was confirmed by poly-
merase chain reaction (PCR) and sequencing (Fig. 2c¢).
The amino acid sequence of anti-SEA scFv revealed
that it contains a variable heavy (VH) chain and a
variable light (VL) chain, which are connected by a
peptide linker (Fig. 2d). Each chain contains three
complementarity-determining regions (CDRs) (Fig. 2d),
which play a vital role in specific antibody binding
(Polonelli et al., 2008).

The constructed expression vector pET-22b-
scFv/p53 was then transformed into E. coli BL21
(DE3) for protein expression. The soluble target pro-
tein was at its highest concentration when isopropyl
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B-D-1-thiogalactopyranoside (IPTG) concentration
was 1 mmol/L and the temperature was 16 °C (data
not shown). SDS-PAGE analysis demonstrated that
the constructed plasmid expressed an obvious protein
band with a relative molecular weight of 30 kDa
(Fig. 3a). Western blot yielded two detectable protein
bands around 30 and 60 kDa, corresponding to the
monovalent products and bivalent form of the anti-
body, respectively (Fig. 3b). The recombinant protein
was purified by metal affinity chromatography using
Ni-nitrilotriaceate (Ni-NTA), and the concentration
of purified protein was quantified by Bradford assay.
The typical yield of nickel resin-purified target pro-
tein was about 3.6 mg/L of expression media. The pu-
rified protein samples were loaded in the non-reducing
buffer and treated at different temperatures (room
temperature, 60 and 100 °C) for 10 min. Then they
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Fig. 1 Host distribution of staphylococcal enterotoxin A (SEA)-producing Staphylococcus aureus strains. (a) Percentage of
SEA-producing S. aureus strains; (b) Host distribution of SEA-producing S. aureus strains; (c) Detailed host information

on SEA-producing S. aureus strains.
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were analyzed by SDS-PAGE. The purified protein
existed mainly in the form of tetramers and dimers
(protein bands at around 120 and 60 kDa which are
consistent with the theoretical values) rather than mono-
mers (Fig. 3c¢). Howeve, when the protein samples were
treated with 1% (volume fraction) B-mercaptoethanol,
the tetravalent antibodies were reduced from tetramer
to dimer form regardless of treatment temperatures
(Fig. 3c). These results indicated that the tetramer
form could be easily reduced down to dimer form by
B-mercaptoethanol but was relatively stable at different
temperatures. The tetravalent antibodies were then
concentrated and verified by SDS-PAGE (Fig. 3d).
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The reactivity of the genetically engineered anti-
body after purification against SEA was tested by in-
direct ELISA (IELISA), which revealed that the tet-
ravalent scFv antibody could specifically bind to im-
mobilized SEA in a concentration-dependent manner
(Fig. 4a). This result was in accordance with the SEA-
binding activity observed in the scFv monomeric
form (without binding to p53) (Chen et al., 2014). It
should be pointed out that in the previous study we
tested the specificity of the scFv monomer and found
that the monomer was highly specific to SEA and
showed no affinity to other SEs such as SEB and SEC1
(Chen et al., 2014); this provided a foundation for the
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Fig. 3 [Expression and purification of the tetravalent single-chain variable fragment (scFv) antibody. (a) Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). M: molecular mass marker; Lane 1: Escherichia coli BL21 (DE3)
containing plasmid pET-22b-scFv/p53 after induction; Lane 2: E. coli BL21 (DE3) containing plasmid pET-22b-scFv/pS3
before induction; Lane 3: E. coli BL21 (DE3) containing empty plasmid (pET-22b) after induction. (b) Western blot.
M: molecular mass marker; Lane 1: E. coli BL21 (DE3) containing empty plasmid (pET-22b) after induction; Lane 2: E.
coli BL21 (DE3) containing plasmid pET-22b-scFv/p53 after induction. (c¢) Purification of the tetravalent antibody.
M: molecular mass marker; Lanes 1-3: purified protein samples placed at different temperatures (room temperature, 60
and 100 °C); Lanes 4-6: purified protein samples treated with 1% (volume ratio) p-mercaptoethanol and placed at
different temperatures (room temperature, 60 and 100 °C). (d) Tetravalent antibody after concentration. M: molecular
mass marker; Lanes 1-3: concentrated protein samples placed at different temperatures (room temperature, 60 and 100 °C).
Arrows indicating protein bands at around 120, 60, and 30 kDa represent tetrameric, dimeric, and monomeric scFv
antibodies, respectively.
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SEA-specificity of the scFv tetramer. A sandwich
ELISA has been developed for SEA detection, which
is more effective than other types of ELISA for the
detection of large molecules (Dasgupta, 2019). The
sandwich ELISA of our samples indicated that the
tetravalent scFv antibody was more sensitive than
the scFv monomer at SEA concentrations of 1 and
2 pg/mL (Fig. 4b).

The effect of polyclonal antibody (pAb) concen-
tration on the performance of the tetravalent scFv anti-
body was then tested. The signal intensity of both
scFv tetramers and monomers to SEA was increased
following an increase in pAb concentration; and when
pAb concentration was higher than 1 pg/mL, the tetra-
valent scFv antibody consistently generated stronger
signals than the scFv monomers (Fig. 4c). These results
revealed that the tetramerization of the scFv antibody
successfully improved its sensitivity to SEA. However,
sensitivity of the tetravalent scFv antibody was still
significantly lower than that of its mAb (Liang et al.,
2011), which indicated that further attempts, such as
point-mutation (Thomas et al., 2002), should be made
to improve the sensitivity of the SEA-specific tetrava-
lent scFv.

To understand the effect of tetramerization on
scFv sensitivity in a molecular insight, we performed
scFv-SEA docking analysis. We used chain A of the
scFv antibody 4B08 (Protein Data Bank (PDB) entry
5YDS5) as the template to predict anti-SEA scFv

structure (Miyanabe et al., 2018). The prediction
revealed that 243 residues of anti-SEA scFv (82%)
were modeled with 100% confidence by the template
(Fig. 5a). Molecular docking analysis is visualized in
Fig. 5b. The CDRs play a vital role in the binding of
antibodies to specific toxins (Liu et al., 2007; Murase
et al., 2014). The specific binding of the anti-SEA
scFv monomer to SEA was experimentally confirmed
in our previous study (Chen et al., 2014). The current
docking analysis revealed that SEA interacted with
scFv mainly on the side with CDRs, whereas the residue
linked to p53 (C-terminus) was located on the opposite
side (Fig. 5b); this indicated that the tetramerization
did not negatively affect the scFv-SEA interaction in
three dimensions.

In summary, we used the tetramerization domain
of human p53 for the multimerization of the anti-
SEA scFv antibody. SDS-PAGE and western blot
showed that the scFv was successfully expressed and
the monomers could self-assemble into tetramers.
The iELISA demonstrated that the tetrameric scFv
specifically reacted with SEA. The sandwich ELISA
for detection of SEA was established using the tetra-
meric scFv and results showed that the tetramer of
scFv was more effective than the monomer in SEA
detection. This study revealed that genetically engi-
neered tetramerization is a potential way to improve
the sensitivity of the scFv in detecting foodborne
heat-stable toxins.
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Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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