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In this study, a fluorescence polarization immunoassay (FPIA) was developed based on the
single-chain variable fragments (scFvs) for fumonisin Bg (FBg). The scFvs were prepared
from FBs-specific monoclonal antibody secreting hybridomas (4F5 and 4B9). The
established FPIA could determine the sum of fumonisin By (FB4) and fumonisin Bs
(FBo) within a short time. The ICsq of FPIA for the detection of FBy and FB, were
29.36 ng/ml and 1,477.82ng/ml with 4F5 scFv, and 125.16 ng/ml and 30.44 ng/ml
with 4B9 scFv, so the 4B9 scFv was selected for detection of FBy and FB, in maize
samples with a limit of detection of 441.54 ug/kg and 344.933 ug/kg. The recoveries
ranged from 84.7 to 104.1% with a coefficient of variation less than 14.1% in spiked
samples, and the result of the FPIA method was in good consistency with that of HPLC-
MS/MS. To supply a better understanding of the immunoassay results, the interactions
mechanism of scFvs-FBg was further revealed by the homology modelling, molecular
docking, and molecular dynamic simulation. It was indicated that six complementarity-
determining regions (CDRs) were involved in 4B9 scFv recognition, forming a narrow
binding cavity, and FB+/FB, could be inserted into this binding cavity stably through strong
hydrogen bonds and other interactions. While in 4F5 scFv, only the FB; stably inserted in
the binding pocket formed by four CDRs through strong hydrogen bonds, and FB, did not
fit the binding cavity due to the lack of hydroxyl at C10, which is the key recognition site of
4F5 scFv. Also, the binding energy of FB,-4B9 scFv complex is higher than the FB,-4F5
scFv complex. This study established a FPIA method with scFv for the detection of FB4 and
FB4 in maize, and systematically predicted recognition mechanism of FBg and scFvs,
which provided a reference for the better understanding of the immunoassay mechanism.
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INTRODUCTION

Fumonisins (FB;) produced by Fusarium pathogens, are
mycotoxins present in maize and other grains during storage
and pose a serious threat to humans and domestic animals
worldwide. FB; consist of different chemotypes, and fumonisin
B, (FB;) and fumonisin B, (FB,) are believed to be the most
prevalent and in naturally contaminated cereals
(Weidenborner, 2001). Numerous guidance or regulations for
FB; have been enforced to protect public health. The Food and
Drug Administration stated the maximum levels of total FB,
FB,, and fumonisin B; (FB;) were 2-4 mg/kg in human food,
and the European Union has established a maximum residue
limit in human maize of 1 mg/kg FB; + FB, (Weidenborner,
2001).

Many methods have been developed for FB, detection,
including the golden method of mass spectrometry (LC-MS)
and tandem mass spectrometry (LC-MS/MS) for the
simultaneous multiple mycotoxin analysis (Songsermsakul and
Razzazi-Fazeli, 2008). Immunoassays, due to the advantage of
high specificity, high efficiency, and low cost, become more and
more popular in residue detection. Enzyme-linked
immunosorbent assay (ELISA) as the most used immunoassay
is a heterogeneous method in solid phase that is limited by
incubation and washing steps (Sheng et al., 2012). Thus, much
effort needs to be focused on some one-step homogeneous assay
without multiple washing steps.

Fluorescence polarization immunoassay (FPIA) is a
homogeneous assay and has been applied to detect numerous
mycotoxins, including aflatoxins (AF;), FB;, deoxynivalenol
(DON), T-2 toxin, ochratoxin A (OTA), and zearalenone
(ZEA) (Zhang et al, 2017). Li et al. revealed a limit of
detection (LOD) of 157.4 pg/kg for FB; and 290.6 ug/kg for
FB, in the optimized FPIA with the pair of FB;-FITC and 4B9
traditional monoclonal antibody (mAb) (Li et al, 2015).
However, these studies are based on mAbs whose production
always takes several months. With the development of
recombinant antibody expression technology, an increasing
number of studies have been developed based on the
recombinant antibodies due to their simple preparation
process and without sacrifice of animals.

Single-chain variable fragments (scFvs), as one of the most
conventional recombinant antibodies, contain the antibody
variable regions of the light chain (VH) and variable regions
of heavy chain (VL) and are always linked by a small, flexible
peptide chain. ScFv can be generated by many techniques
including ribosome display technology (Mahalakshmi et al.,
2019), phage display technology (Hu et al, 2016), and also
directly cloned from the obtained hybridoma cells. Cloning
VH and VL from hybridoma cell lines is indicated to be a
more directable and efficient method for scFv production (Liu
et al., 2016).

The traditional method of the antibody-antigen interaction
mechanism study is always based on a complete antibody three-
dimensional (3D) structure analyzed by precise X-ray
crystallography and nuclear magnetic resonance (NMR)
techniques (Arata, 1991). However, these methods are
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complicated, time-consuming, and also limited by not being
able to capture the dynamics of antibody (Srivastava et al,
2018). In recent years, computational methods proved to be
immensely successful in understanding antibody dynamics in
solution with the characteristic of economy and time-saving.
Homology modelling has been widely used for 3D model
construction of different proteins (scFv, enzyme, and receptor)
(Liu et al., 2010), and molecular docking and molecular dynamics
(MD) simulation were used to analyze the molecular interactions
of these proteins with their respective ligands, such as haptens
and ligands (Nencetti et al., 2011). However, the computational
method could not accurately describe the structure information
of real antibody structure as X-ray crystallography. The predicted
structures also have become a promising method to underline
protein dynamics in solution.

In this study, the anti-FB, scFvs 4F5 and 4B9 were produced
from related hybridoma cell lines. Then the FPIA was developed
for the detection of FB; and FB, with 4B9 scFv in maize.
Furthermore, to explain the different affinities of 4B9/4B5
scFv with FB,, homology modelling, molecular docking, and
MD simulation were performed to study the interactions of
scFvs-FB; and scFvs-FB,. These data predicted the different
recognition mechanisms between scFvs and FB,, which
provided a better understanding of immunoassay results and
guide further molecular evolution to generate affinity-improved
antibodies.

MATERIALS AND METHODS
Apparatus and Buffers

A Spectramax M5 microplate reader was supplied by Molecular
Devices, LLC (Sunnyvale, CA, USA). Precoated TLC silica gel 60
aluminum sheets (F254) for thin-layer chromatography (plate
size:10 x 10 cm; layer thickness: 0.15-0.2 mm, particle size: 2 um)
were acquired from Merck (Darmstadt, Germany). Black, opaque
96-well microplates with non-binding surfaces were supplied by
Corning, Inc. (Oneonta, NY, USA). Syringe filters (0.45 um) were
obtained from Tianjin Jinteng Experiment Equipment Co., Ltd.
(Tianjin, China).

Borate buffer (BB, pH 7.0) was used as a working diluent
buffer and was prepared by mixing 200 mM boric acid (pH 5.38)
and 50 mM sodium borate (pH 9.49) at a ratio of 47:3 (v/v). Lysis
buffer (50 mM Tris, 300 mM NaCl, 1 mM EDTA, 0.5 mM PMSF,
and 200 pg lysozyme, pH 8.0), washing buffer (50 mM Tris-HCI,
500 mM NaCl, and 25 mM imidazole, pH 8.0), and elution buffer
(50 mM Tris-HCl, 150 mM NaCl, and 300 mM imidazole, pH
8.0) were used to purify scFv. 2 x YT medium was used to
cultivate Escherichia coli and was prepared by mixing 1.6%
tryptone, 1% yeast extract, and 0.5% sodium chloride.

The soluble protein expression vector pJB33 and the RV308
strain used in this study were obtained as a gift from the
laboratory of Andreas Pliickthun (Biochemical Institute,
University of Zurich, Switzerland). The oligonucleotide
primers were synthesized at GENEWIZ (Suzhou, China). The
hybridoma cell lines 4F5 and 4B9 were previously established in
our laboratory (Li et al., 2015).
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Reagents and Chemicals
The RNeasy Mini Kit and Ni NTA Agarose were obtained from

QIAGEN, Inc. (Dusseldorf, Germany). The PrimeScript RT-PCR
Kit and Pfu DNA polymerase were obtained from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA). Isopropyl-beta-D-
thiogalactopyranoside ~(IPTG), chloramphenicol, N, N'-
Dicyclohexylcarbodiimide =~ (DCC),  N-hydroxysuccinimide
(NHS), fluorescein isothiocyanate isomer I (FITC I), Aflatoxin
B1 (AFB1), Zearalanone (ZEA), Ochratoxin A (OTA), Donepezil
(DON), T-2 toxin, and FB; were supplied by Sigma-Aldrich (St.
Louis, MO, USA). FB,; was obtained from Probiolab Pte. Ltd., Inc.
(Singapore, Australia). FB, was obtained from LKT Laboratories,
Inc. (Shenzhen, China). All other chemicals and solvents were
supplied by Beijing Chemical Reagent Corp, Inc. (Beijing, China).
The tryptone, yeast extract, and agar powder were acquired from
Oxoid, Inc. (Basingstoke, England).

Synthesis of Fluorescent Conjugates

Briefly, 5 mg FB; was dissolved in 0.5 ml methanol, followed with
by triethylamine (50 uL, 7.2 mol/L) and FITC (4 mg), and then
mixed well. After an overnight reaction at room temperature in
the dark, small portions (50 pL) of the reaction mixture were
separated by thin-layer chromatography (TLC) using a
trichloromethane/methanol/acetic acid (40:10:1, v/v/v) mobile
phase. The main yellow band at a R¢ of 0.1 was scraped from
the plate and extracted with 0.1 ml of methanol. FB,-5-DTAF
was prepared in the same way as in the past research (Li et al.,
2016).

Construction of the scFv Expression Vector
The scFv gene constructed from hybridoma was generated
according to our previous report (Wen et al, 2012). Briefly,
the total RNA of 1 x 107 hybridoma cells was extracted by
the RNeasy Mini Kit, and then cDNA was generated with the
PrimeScript RT-PCR Kit. The VH and VL gene fragments were
obtained by nested PCR with specific primers. Then, the VH
chain and VL chain were joined with primers VLF2 and VH3 R3
with Pfu DNA polymerase (95°C 5 min; 95°C 20 s, 55°C 40 s, 72°C
2 min, 30 cycles; 72°C 10 min). Finally, the scFv gene and the
expression vector pJB33 were digested with Sfil, and the digested
products were linked to construct the recombinant expression
vectors pJB33-4F5-scFv and pJB33-4B9-scFv.

Expression and Purification of Soluble scFv
Antibody

Escherichia coli (E. coli) RV308 was transformed with the vector
pJB33-4F5-scFv and pJB33-4B95-scFv. A single bacterial colony
was incubated in 25ml 2 x YT medium containing
chloramphenicol overnight (37°C, 200 rpm). Then, a volume of
the bacterial solution was diluted 100-fold and cultured in 250 ml
2 x YT medium. When the ODg, value reached 0.6-0.8, IPTG
was added to E. coli suspension to induce scFvs expression at
24°C. The system was performed at different IPTG
concentrations (0, 0.25, 0.5, 0.75, 1.0, or 1.5 mM) and different
incubation times (0, 2, 4, 6, 8, 10, 12h) to optimize the scFv
expression system.

FPIA Based on scFv

Then, the E. coli was harvested and dissolved in 5 ml of lysis
buffer. The soluble periplasm scFv in the supernatant was purified
by a Ni-NTA agarose resin column according to QIAGENSs
protein purification instructions. Briefly, 50% of the Ni-NTA
suspension was mixed gently with the supernatant containing the
soluble periplasm scfv antibody at a ratio of 1:4 (v/v) by shaking
for 2 h at room temperature. Then, the Ni-NTA agarose mixture
was carefully loaded into an empty column and washed with
25 ml of washing buffer. The proteins were eluted with buffer.
Subsequently, the elution was confirmed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotting. After measuring the protein concentration
using the Bradford method, the proteins were aliquoted and
stored at —80°C.

Construction of FPIA Assay

The antibody dilution curve was generated by mixing 70 pL of
tracer solution at the working concentration with 70 uL of two-
times serially diluted scFv solution per well. Borate buffer was
added to reach an overall volume of 210 uL per well. After the
mixture was shaken for 10 s in a microplate reader, FP values
were measured at Aex 485 nm and Aem 530 nm with an emission
cutoff of 515 nm for FB;-FITC and FB;-5-DTAF. The sigmoidal
curve was obtained by plotting the measured FP values against the
concentration of FB, and fitting them to a four-parameter logistic
equation (Eq. 1) by the OriginPro 8.0 (Northampton, MA).

Y = (A-B)/[1+ (X/C)B]+D (1)

where A represents the responses at high asymptotes of the curve,
B acts as the slope factor, C is the ICsy of the curve, D is the
responses at low asymptotes of the curve, and X is the calibration
concentration.

The concentration of FB; in naturally positive maize samples
was determined relative to the maize matrix-based calibration
curve of FB; or FB, prepared in blank matrix extracts. The
sensitivity of the FIPA was represented by ICs, values from
the calibration curve. The calibration curve of FIPA for the
detection of FB; was constructed by OriginPro 8.0 (and data
was fitted to the four-parameter logistic equation of Eq. 1).

The LOD was experimentally defined as IC;, from the
calibration curve of FIPA (the concentration that corresponds
to 10% inhibition of the maximal FP signal). The detectable range
corresponds to the concentration of standard varying from IC,q-
ICg from the calibration curve of FIPA.

Cross-Reactivity Determination

To determine the specificity of this method, cross reactivities
(CRs) with other mycotoxins including FB,, FB;, AFB1, ZEA,
OTA, DON, and T-2 toxin were calculated by Eq. 2:

CR (%) = (ICs of FB,)/ (ICs of other mycotoxins) x 100%
2)

Recovery and Precision Study
The recovery test was used to evaluate the accuracy of the
developed FPIA. Briefly, blank samples were spiked with FB
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at three different concentrations, and then the spiked samples
were submitted to FPIA for recovery analysis after pretreatment.
The recovery test was carried out in three independent replicates.
The samples of naturally positive maize already that were
detected by high performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS) were also analyzed by the
developed FPIA for the precision study.

Homology Modeling

Submitting the gene sequences of 4F5 scFv and 4B9 scFv to the
ExPASy database (https://web.expasy.org) to obtain the amino
acid sequences of 4F5 scFv and 4B9 scFv. In addition, 3D
structures of the 4F5 scFv and 4B9 scFv were constructed by
homology modelling in the Discovery Studio 2019 software
(Sharma et al., 2021). A protein-protein BLAST search in the
PDB database was performed to find suitable homologous
sequences (templates) of known 3D structure. Five antibody
crystal structures were selected as the templates individually
for 4F5 scFv and 4B9 scFv, with the identity and similarity
both higher than 80%. The 3D structures of the 4F5 scFv and
4B9 scFv were then constructed by multiple aligning the heavy
and light chains of these templates with the 4F5 scFvand 4B9 scFv
to determine the relative spatial orientation of the VH and VL.
The highest quality 3D models with the lowest probability density
function energy (Ghabbour and Qabeel, 2016) and higher discrete
optimized protein energy (Elizabeth and Oliver, 2012) were
selected as the homology modelling of 4F5 scFv and 4B9 scFv,
and then the complementarity-determining regions (CDRs) were
further optimized by aligning with CDR regions of the traditional
antibody sequence through the IMGT/V-QUEST database
(http://www.imgt.org) to ensure the rationality of the
structures. Ramachandran plot analysis was applied to evaluate
the homology model (Hooft et al., 1997). Protein minimization
has been carried out by Minimize tool by using Normal mode
calculation methods (Ma and Karplus, 1997).

Molecular Docking and Molecular

Dynamics Simulation of scFv-FBg

The potential binding sites (binding pockets) of 4F5 scFv and 4B9
scFv were defined and analyzed based on a grid search and
“eraser” algorithm (Liashchynskyi and Liashchynskyi, 2019;
Pawar and Rohane, 2021). The binding sites were displayed as
a set of points (point count) and evaluated based on the volume of
each cavity calculated as the product of the number of site points
and the cube of the grid spacing. Docking analysis was performed
based on these predicted binding pockets by a grid-based semi-
flexible molecular docking software of CDOCKER (Gagnon et al.,
2014), to investigate the potential binding mechanism of FB-scFv
recognition. The structure of FB; and FB, were optimized by
hybrid B3LYP functional methods in combination with the
6-31G (d,p) basis set utilizing the GAUSSIAN 09 package
(Paier et al, 2007). CDOCKER used a CHARMm-based
molecular dynamics scheme to dock antigen into the antibody
binding pocket. Candidate antigen poses were then created using
random rigid-body rotations followed by simulated annealing.
The docking results were evaluated by CDOCKER energy and
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Gold score fitness formula (Sadowski, 1997). To obtain a better
simulation result, the best docking model with the lowest
CDOCKER energy and higher fitness value was refined with a
100 ns MD simulation by GROMACS 5.0 program software in
Amber14SB force field with the TIP3P solvent model (Jorgensen
et al., 1983; Van Der Spoel et al., 2005; Maier et al., 2015). The
solvated structure was minimized by the steepest descent method
for 15,000 steps at 300 K temperature and constant pressure, the
LINCS algorithm was used to constrain the bond length (Hess
etal., 1997), the electrostatics interactions were calculated using a
PME algorithm (Darden et al., 1993), and the hydrophobicity and
interpolated charged surface area were calculated and analyzed by
image-oriented modality (Cristea et al., 2011). The binding free
energy of scFvs and FB, was calculated by the MM/PBSA method
after the MD process (Wang et al., 2019).

RESULTS AND DISCUSSION

Construction, Expression, and

Characterization of scFv Antibody

Many researchers have demonstrated that the production of scFv
antibodies from hybridoma cell lines were more effective with the
native paired VH/VL than other methods. Thus, in this study, 4F5
scFv and 4B9 scFv were produced from the related hybridoma
cells. Total RNA was extracted from the hybridoma cell lines
(Figures 1A,B), and then the VH and VL genes were cloned from
RT-PCR c¢DNA with specific primers (Supplementary Table S1).
The VH gene fragments of 4F5 and 4B9 hybridomas cells were
both 339bp, and VL gene fragments were 321 and 330 bp,
respectively (Figure 1C). Then, the VH and VL genes were
linked by a peptide to construct the scFv gene (VH-
(Gly,Ser);-VL) with the gene splicing performed by overlap
extension PCR (SOE-PCR), which was expected to be
approximately 700-750 bp. As shown in Figure 1D, the results
of agarose gel electrophoresis analysis showed that the scFv genes
were approximately 750 bp, which were consistent with the
anticipated length (Supplementary Table S2). Then the scFv
genes were transformed into expression vector pJB33 for effective
recombinant expression.

E. coli host system is widely regarded as the most suitable host
for the expression of recombinant antibody fragments with the
advantages of faster growth and easier genetic manipulation.
However, the soluble expression of scFv still needs to be
improved (Ahmad et al., 2012). Choi et al. have tried to clone
the scFv into these vectors as pET-29b (+), pET-26b (+), and
PGEX-5X-3 vectors but only expressed some inactive inclusion
body proteins without any binding activity (Choi et al., 2004),
which show that the pET series vectors are not suitable for all scFv
expression. pJB33 was another effective prokaryotic expression
with the advantage of strong periplasmic expression via its
specific ribosome binding site (Schaefer and Pliickthun, 2010),
which was indicated to be more suitable for recombinant
antibody expression and could also improve the expression
efficiency of recombinant antibodies compared with that of
other expression vectors (Krebber et al, 1997). Wen et al
successfully constructed a broad-spectrum fluoroquinolones
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A M 4FS M 4B9 c M 1
750 bp
500 bp

2000 bp~ 28s 28s 250bp

1000 bp 185 .

750 bp ~ D

750 bp
500 bp
250 bp

23 456 78910

FIGURE 1 | Agarose gel electrophoresis analysis and western blot analysis of 4F5 and 4B9 scFv. (A): Agarose gel electrophoresis of 4F5 total RNA, M indicates
DNA 2000 plus marker. (B): Agarose gel electrophoresis of 4B9 total RNA, M ndicates DNA 2000 plus marker. (C): Agarose gel electrophoresis of VH and VL of 4F5 and
4B9, 1-3 indicates 4F5 VH, 4-5 indicates 4B9 VH, 6-8 indicates 4F5 VL, 9-10 indicates 4B9 VL. (D): Agarose gel electrophoresis of 4F5 scFv and 4B9 scFv, 1-3
indicates 4F5 scFv, 4-6 | indicates 4B9 scFv. (E): The western blot analysis of 4F5 scFv and 4B9 scFv. M: marker, 1 indicates 4F5 scFv, 2 indicates 4B9 scFv.

(FQy)-scFv using pJB33 vectors, and Chen et al. successfully
produced bispecific antibodies to FQ, and sulfonamides by
constructing two scFv sequences into the pJB33 vector (Wen
et al.,, 2012; Chen et al., 2014).

In this study, pJB33 was used as the expression vector of 4B9
and 4F5 scFv. The expression system was optimized with
025mM IPTG to induce the expression of scFvs in the
periplasmic cavity as soluble protein at 20°C for 16h
(Figure 1E and Supplementary Figure S1). Then, scFvs were
purified by a Ni-NTA agarose resin column using a 6 x His-tag in
the scFv. The western blotting result of the purified scFvs showed
a single band at approximately 30 kD that was consistent with the
molecular weight of total expected scFv, c-Myc label, and 6 x His-
tag label, which indicated that no degradation occurred and no
dimers were present in the process of antibody expression and
extraction.

In theory, the recognition ability of a scFv should be similar to
its parental mAbs because scFv contains the key binding region of
the variable domain of the light and heavy chains. However, the
total RNA extracted from hybridoma cells contains a number of
nonspecific light and heavy chain mRNAs (Toleikis and Frenzel,
2012), and PCR also introduces some errors. It is often difficult to
obtain scFvs that can maintain the same specificity as the
maternal mAbs. Some previous articles reported that scFv
antibodies showed similar or better performances than that of
the parental mAbs (Wen et al., 2012), but other articles reported
that scFv antibodies performed worse than the parental mAbs
(Xie et al., 2018). Min et al. amplified the anti-FB; single-stranded
antibody gene on the basis of anti-FB; hybridoma cells and
converted it to E. coli to obtain anti-FB; single-stranded
antibody with the an ICsy reducing 12 times approximately
2000 ng/ml compared with the original mAb (Min et al,
2010). In this study, two scFvs of 4B9 and 4F5 were produced
based on a hybridoma cell lines against FB;. The indirect
competitive ELISA (icELISA) results showed that the affinity
of 4F5 scFv with FB; (ICsy = 12.99 ng/ml) was lower than that of
mAb (ICso = 6.3 ng/ml), whereas the affinity of 4B9 scFv with FB,
(ICso = 48.61 ng/ml) was higher than that of 4B9 mAb (IC5 =
85.1ng/ml) (Supplementary Figure S2). The above results

indicated that the 4F5 scFv and 4B9 scFv could be applied to
the detection of FBy in the later immunoassay experiment.

Development of FPIA in Maize

Development of FPIA

ScFv, a small engineered antibody, has been indicated as a
possible replacement of the mAbs in detection and diagnosis
(Wang et al,, 2007). ScFvs have been applied mostly to small
molecule detection in ELISA, chemiluminescent enzyme
immunoassay (CLISA) (Dong et al.,, 2021; Wang et al., 2014),
fluorescence resonance energy transfer (FRET) (Lee et al.,, 2015),
chemiluminescent  resonance energy transfer (CRET)
immunoassay (Dou et al., 2021), and so on. In this study, a
FPIA was firstly constructed with the anti-FB; scFv.

Different tracers have been observed to perform differently
when the same mAb is used (Maragos et al., 2001). In this study,
two tracers (FB;-FITC, FB;-5-DTAF) were synthesized to
achieve the most sensitive FPIA (Supplementary Figure S3
and Supplementary Table S3). The tracer concentration
greatly influenced the sensitivity of the competitive FPIA, and
a higher sensitivity in the method was always accompanied by a
lower tracer concentration, which caused the detection signal to
become instable (Smith and Eremin, 2008). In this method, when
FI was approximately 20 times higher than that of the
background, these concentrations of tracers were selected as
the working concentration with the most stable fluorescence
signal value (the SD of the FP values of both free and bound
tracer was less than 5 mP).

The working concentration of the antibody was another
important parameter that affected the sensitivity of FPIA. The
FPIA method established by Sheng et al. selected the antibody
concentration corresponded to 75% fluorescent tracer binding
with the best sensitivity (Sheng et al., 2014). In this study, the scFv
dilution that corresponded to 70% tracer binding was chosen as
the optimum concentration to obtain a wider analytical range
according to previous studies (Deryabina et al., 2005). The best
antibody dilutions for FB,-FITC with 4F5 scFv and 4B9 scFv were
1/30 and 1/700, for FB;-5-DTAF with 4F5 scFv and 4B9 scFv
were 1/50 and 1/400 in the maize matrix (Figures 2A,B).
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FIGURE 2 | Optimization of scFv and tracer concentrations. (A): Optimization of 4F5 scFv concentration. (B): Optimization of 4B9 scFv concentration. (C):
Optimization of the tracer concentrations of with 4F5 scFv. (D): Optimization of the tracer concentrations with 4B9 scFv.
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Calibration curves in a blank maize matrix was conducted under
the optimal conditions. The ICs, of FB,-FITC was lower than
FB;-5-DTAF, but the detection range of FB;-FITC was larger and
gave the widest assay window (8 FP, FP_,,«—FP .;,) and lowest
background. Thus, the FB;-FITC was chosen as the tracer of 4B5
and 4F9 scFv (Figures 2C,D).

The specificity of scFv was evaluated by CRs with other
mycotoxins (FB,, FB;, AFB;, ZEA, OTA, DON, and T-2
toxin) by FPIA (Table 1). The results showed negligible CRs
of both 4F5 scFv and 4B9 scFv with AFB,, ZEA, OTA, DON, and
T-2 toxin. The cross reactivity with FB, (420.16%) of 4B9 scFv in
maize matrix was higher than that with FB, compared with 4F5
scFv (2.02%). Thus, FB;-FITC and 4B9 scFv pair was utilized to
detect FB; and FB, in maize in FPIA with the LOD of
441.54 pg/kg and 344.933 ug/kg, respectively (Figure 3A). Li
et al. also used mAb 4B9 for detection of FB;, and FB, in
maize due to its high CR with FB, (98.9% in maize matrix)
(Li et al., 2015).

Recovery and Precision Study

As a homogeneous assay, FPIA is more susceptible to be
interfered by matrix effects than other heterogeneous assays.
Therefore, the investigation of matrix effect is an important
part of FPIA. In this study, methanol/water (2:3, v/v) was used
to extract FB; from maize samples according to a previous report

(Lietal, 2015). A maize matrix-based calibration curve was used
to determine the concentration of FBs in naturally contaminated
maize samples to reduce the background interference of maize
extracts. In spiked maize samples, FB; and FB, were separately
added at 300, 500, and 1,000 pg/kg, and the recovery of 4B9 scFv
ranged from 88.9 to 104.1% and the CVs were 2.3-14.1%
(Table 2). This corresponded to a previous report that the
recovery of 4B9 mAb with FB, or FB, were 84.7-93.6% and
the CVs were less than 9.9% (Li et al., 2015).

Recently reported immunoassays for FB; were mostly based
on polyclonal and monoclonal antibodies. A rapid
immunochromatographic test strip had been developed for
detection of FB, based on the mAb with LOD of 60 ng/ml for
FB, and cross reactivities with FB, and FB; of 385 and 72.4% (Yao
etal,, 2017). Compared with mAb, scFv, as the smallest functional
unit of antibody, have been applied in many studies. Zou et al.
established an icELISA based on anti-FB; scFv only for FB,
detection with the ICsq of 12.67 ng/ml, without CR with other
mycotoxins (Zou et al, 2014). In this study, we developed a
homogeneous assay of FPIA based on scFv for detection of FB;
and FB, in positive maize samples, and results showed that the
FPIA method was in good consistency with HPLC-MS/MS
(Figure 3B and Supplementary Table S5), which indicated
that the established method had high reliability and also
demonstrated the feasibility of the scFv to replace the core
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TABLE 1 | The detection parameters of 8 mycotoxins by 4F5 and 4B9 scFv.

Mycotoxin Structure scFv
4B9 4F5
- - ICsy CR(%)  ICso CR
wo_o (ngmi™) (ng mi™) (%)
FB.P BosH wo 12516 1000  29.36 100
FB,® ol oo 3044 42016 1477.82  2.02
N\HM
FByd W 14794 8519 6293  47.61
Oﬂmo 2
9 o
AFB+® — oY -a <1% -a <0.1%
o g .
|
OH O
ZEA /@)\m -a <1% -a <0.1%
HO Z o]
0,
OTA? e -2 <1% -a <0.1%
©}NH
O: cl
OH
DONP Tol on -a <1% -a <0.1%
HQio
T-2 toxin' o o0 o -a <1% -2 <0.1%

aNote: means ICso > 10,000 ng mL™".

Pindiicates the Fumonisin B ((2S,2'S)-2,2'-[(5S,6,7,9R, 11S, 16R, 18S, 19S)-19-Amino-
11,16, 18-trihydroxy-5,9-dimethylicosane-6, 7-diylJbis[oxy(2-oxoethane-2, 1-diyl)]
dibutanedioic acid).

Cindicates the Fumonisin By ((2R,2'R)-{[(5R,6R,7S,9S, 16R, 18S,19S)-19-Amino-16,18-
dihydroxy-5,9-dimethylicosane-6, 7-diyljbis[oxy(2-oxoethane-2, 1-diyl)]}dibutanedioic
acid).

9indicates the Fumonisin B (2-[2-[(5R,6R, 7S,9S,11R, 18R, 19S)-19-amino-6-(3,4-
dicarboxybutanoyloxy)-11, 18-dihydroxy-5,9-dimethylicosan-7-ylloxy-2-oxoethyl]
butanedioic acid).

Cindlicates the Aflatoxin B1 (2,3,6aR,9aS-tetrahydro-4-methoxy-1H, 11H-cyclopentalc]
furo[3',2":4,5]furof2,3-h][1]benzopyran-1,11-dione).

lindlicates the Zearalanone ((35)-3,4,5,6,9,10,11,12-octahydro- 14, 16-dihydroxy-3-
methyl-1H-2-benzoxacyclotetradecin-1, 7(8H)-dione).

Yindiicates the Ochratoxin A (N-[[(3R)-5-chloro-3, 4-dihydro-8-hydroxy-3-methyl-1-oxo-
1H-2-benzopyran-7-yljcarbonyl]-L-phenylalanine).

"indicates the Donepezil (2,3-dihydro-5,6-dimethoxy-2[[1-(phenylmethyl)-4-piperidinyl]
methyl]-1H-inden-1-one).

indicates the T-2 Toxin ((Ba,4B,8n)-12,13-epoxy-4, 15-diacetate 8-(3-methylbutanoate)
trichothec-9-ene-3,4,8, 15-tetrol).

part of mAbs and pAbs in many immunoassay technologies for
small molecular detection.

Molecular Interactions of scFvs and FBg
Homology Modeling of scFv

In this study, the 3D structures of 4F5 scFv and 4B9 scFv were
predicted by the homology modelling, combining the analysis of
its amino acid distribution in Supplementary Tables S6, S7. Five

FPIA Based on scFv

antibody crystal structures with the higher similarity (>85.4%)
and greater identity (>76%) were chosen based on the top
performing homology modelling algorithm, MODELER
(Parveen et al,, 2019), for multiple alignment analysis with the
4F5 scFv and 4B9 scFv (Figures 4A,B). Then the 3D models of
4F5 scFv and 4B9 scFv were constructed based on the multiple
alignment results and the CDR regions were further optimized
based on the IMGT/V-QUEST database (http://www.imgt.org),
which composed the typical antiparallel -sheets and loops in
variable regions of scFv (Figures 4C,D). Ramachandran plot was
applied to verify the predicted torsion angles in the 3D models
and evaluate the fitness of the protein sequence to ensure the
rationality, which showed that the constructed model of 4F5 scFv
and 4B9 scFv with 95.4 and 97.4% domain amino acid residues
locating in the allowed region respectively (Figures 4E,F), which
met the requirement of a good quality model with over 90% of
residues in the allowed region (Rodriguez et al, 1998);
meanwhile, the residues in the disallowed region also do not
belong to the CDR regions. The result indicated that all residues
in the model were valid and the 3D structure constructed was
reasonable.

Molecular docking is one of the important methods to reveal
the types and distances of forces in different antigen-antibody
interaction (Liu et al, 2016). After the docking, the scFv-FBs
complexes with the lowest CDOCKER energy and higher fitness
value were obtained, and a 100 ns MD simulation was performed
for the scFv-FBs to get a stable combination complex. The root
mean square deviation (RMSD) values of the backbone atoms
were calculated to monitor the structural stability of the
complexes (Supplementary Figure S4). After optimization of
the molecular dynamic simulation, intermolecular interactions
were shown in Figure 5 and Supplementary Table S8. During
the immune process, the carboxyl terminus of FBs was coupled to
the protein by the carbodiimide method to prepare the
immunogen, and thus amino terminus was the main antibody
recognition site due to the effect of steric hindrance. Thus, the
simulation result showed that the amino terminus of FB1 and FB2
inserted into the binding pocket, and fitted well with narrow
cavity formed by the 4B9 scFv CDR regions of L1, L2, L3, H1, and
H3 (Figures 5G,H,J,K) with the large contacted surface
(Supplementary Figures S5C,D). But in 4F5 scFv, only the
FB1 stably inserted in the binding pocket formed by CDR HI,
CDR H3, CDR L2, and CDR L3 (Figures 5A,B); FB2 did not fit
the pocket well with the only binding with CDR L1 and CDRL3
and with a small contacted surface (Supplementary Figures
S5A,B), which showed weak interaction with 4F5 scFv
(Figures 5D,E). The scFv formed quite different contact
surface with different size, charged properties, and
hydrophobicity with different CDRs in scFv may probably
account for their different interaction, shown in the
Supplementary Figures S5, S6.

The difference between FB; and FB, structure is only the
hydroxyl in the C10 position (Supplementary Figure S7); the key
hydrogen bonds of FB; and 4F5 scFv were exactly between the O3
in this hydroxyl oxygen and residue Tyr113 of CDR H3, and also
other hydrogen bonds in Figure 5C and Supplementary Table
$8 which lead to a stable binding of FB; with 4F5 scFv. The lack of
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FIGURE 3 | Matrix effect and precise analysis of the FIPA. (A): Calibration curves in a blank maize matrix of FPIA with 4B9 scFv. (B): Correlation analysis between
HPLC-MS/MS and the developed FPIA (n = 3).

TABLE 2 | Detection of FBy, FBy in spiked maize samples (n = 3).

Fumonisins Tracer Antibody Spiked concentration Recovery rate CV (%)
(g kg-1) (%)
FB+ 2,000 89.2 6.1
4B9 mAb 1,000 89.9 4.0
500 93.6 3.9
FBo 2,000 87.3 3.2
FB1-FITC 1,000 85.4 7.6
500 84.7 9.9
FB;4 2,000 88.9 9.3
4B9 scfv 1,000 99.7 9.8
500 89.68 1.7
FBs 2,000 92.4 9.1
1,000 1041 2.3
500 92.3 141
A
i A(
N
N
Model 20RBLH __ 20R9LH 20RBMI 4U1G CB THOD AB "
Similarity (%) 96.1 96.1 96.1 956 945
Identity (%) 889 88.9 88.9 86.1 88.9 180
B
F 180 4%
135
20
45
g o
—45
\
\ =80
N
Model 2UYLAB ___1QFULH TMRE LH TMRC LH 3WBD BB 1
Similarity (%)  97.8 97.2 96.7 96.7 96.7 LN
Identity (%) 88.3 90.6 91.1 91.1 88.3 \ 180
\
FIGURE 4 | Homology modeliing of 4F5 scFv and 4B9 scFv. (A,B): The multiple alignment of the five templates with 4F5 scFv and 4B9 scFv. (C,D): The 3D models
of 4F5 scFv and 4B9 scFv. (E,F): The Ramachandran plots of 4F5 scFv and 4B9 scFv.
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Phe118

Arg108

FIGURE 5 | Interaction analysis of scFvs-FBg. (A,D): The 4F5-FB; complex and 4F5-FB, complex, marine indicates VL, magenta indicates VH, gray indicates linker,

blue indicates CDR1, orange indicates CDR2, green indicates CDR3. (B,E): The FB; in the binding pocket of 4F5 scFv and FB in the binding pocket of 4F5 scFv. (C,F):
The interactions between FB1 and 4F5 scFv, and FB, and 4F5; green dashed line indicates the hydrogen bond interaction, blue dashed line indicates the electrostatic
attraction, gray indicates the Pi-Alkyl, and orange indicates the salt bridge. (G,J): The 4B9-FB, complex and 4B9-FB, complex; hot pink indicates VL, cyan
indicates VH, gray indicates linker, blue indicates CDR1, orange indicates CDR2, green indicates CDR3. (H,K): FB; in the binding pocket of 4B9 scFv and FB; in the
binding pocket of 4B9 scFv. (l,L): The interactions between FB; and 4B9 scFv, and FB, and 4B9; green dashed line indicates the hydrogen bond interaction, blue
dashed line indicates the electrostatic attraction of pi-cation and attractive charge, gray indicates the pi-Alkyl, and orange indicates the salt bridge.
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this hydroxyl group in FB, led to a poor adaptation to 4F5 scFv
binding pocket and further affected the recognition performance
(Figure 5F). Unlike 4F5 scFv, 4B9 scFv dramatically formed both
strong hydrogen bond interactions with the amino in FB, and FB,.
The Ser 105 and Ser 106 formed two hydrogen bonds H104 and
H105 in the amino of FB; and also the Argl08 formed two
hydrogen bonds with H103 and H104 in the amino of FB,, and
some electrostatic forces of attractive charge, salt bridge and were
also formed between the charged groups of positively charged
amino/the negatively charged hydroxyl with the Lys, Arg, and His
(Supplementary Table $8). Thus, both FB; and FB, stably inserted
into the narrow binding pocket of 4B9 scFv (Figures 5LL).

Above all, the 4B9 scFv mainly recognized the amino of the
FB, and FB, while the 4F5 was more inclined to the hydroxyl in
C10, which lead to different recognition for FBs and scFv. The
binding free energy of FB, and 4B9 scFv (—31.57 kcal/mol) was
also lower than that of 4F5 scFv (—19.74 kcal/mol), which could
explain the different ICs, value of FB, with 4F5 scFv (1,378.22 ng/
ml) and 4B9 scFv (30.44 ng/ml). The above research provided us
new information to better understand the FBg-antibody
recognition mechanism, which will guide future design and
antibody improvement.

CONCLUSION

In this study, scfvs were successfully constructed based on 4F5
and 4B9 hybridoma cells. Then, the optimized FPIA method was
established for simultaneously detecting the FB; and FB, in maize
by 4B9 scfv with the recoveries of 88.9-104.1% with the CVs
<14.1%. The molecular recognition mechanism for scfv-FBs was
furthermore studied by homology modeling, molecular docking,
and MD simulation method, and showed that 4B9 scfv had a
stronger binding with FB, compared with 4F5 scfv, and also the
CDRs of 4B9 scfv formed a narrow cavity that could encapsulate
almost the entire FB, molecule compared with 4F5 scfv. The
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