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Abstract Fluoroquinolones (FQs) are a group of synthetic,
broad-spectrum antibacterial agents. Due to its extensive use
in animal industry and aquaculture, residues of these anti-
biotics and the emergence of bacteria resistant to FQs have
become a major public health issue. To prepare a generic
antibody capable of recognizing nearly all FQs, a single-
chain variable fragment (scFv) was generated from the
murine hybridoma cells C49H1 producing a FQ-specific
monoclonal antibody. This scFv was characterized by indi-
rect competitive enzyme-linked immunosorbent assay (ciE-
LISA), and it showed identical binding properties to
parental monoclonal antibody: it was capable of recognizing
17 of 20 targeted FQs below maximum residue limits,
except for sarafloxacin (SAR), difloxacin (DIF), and trova-
floxacin (TRO) which are highly concerned members in the
FQs family. In order to broaden the specificity of this scFv
to SAR and its analogues (DIF and TRO), protein homology
modeling and antibody-ligands docking analysis were
employed to identify the potential key amino acid residues
involved in hapten antibody. A mutagenesis phage display
library was generated by site directed mutagenesis random-
izing five aminoacid residues in the third heavy-chain com-
plementarity determining region. After one round of
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panning against biotinylated norfloxacin (NOR) and four
rounds of panning against biotinylated SAR, scFv variants
we screened showed up to 10-fold improved ICsqy against
SAR, DIF, and TRO in ciELISA while the specificity
against other FQs was fully retained.
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Introduction

Fluoroquinolones (FQs) are a group of synthetic, broad-
spectrum antibacterial agents derived from quinuolone nali-
dixic acid. Because of broad antibacterial spectrum and high
antibacterial efficiency, FQs have become one of the most
widely used antibacterial agents both in human medicine
and livestock treatment. Although more than 20 different
FQs derivatives have been synthesized and applied in prac-
tice since 1990s, the antibacterial mechanism of these FQs is
almost the same: FQs inhibit the DNA replication in bacteria
by inducing cleavage of bacterial DNA in the DNA-enzyme
complexes of DNA gyrase and type IV topoisomerase,
resulting in rapid bacterial death [1].

In recent years, FQs were extensively used in animal
industry and aquaculture, not only for bacterial infection
treatment but also for growth promotion and infection
prevention. As a result of FQs abuse, residues of these drugs
in animal tissue and the emergence of resistant bacteria
strains to FQs have become a severe public health issue
worldwide.

To control the hazards of residues in edible animals and
to preserve the efficacy of FQs, strict maximal residue limits
(MRLs) for FQs have been established in many countries
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and areas. In Europe, the Commission has set the approved
administrative MRLs for FQs traces in animal tissues to 10-
100 pg/kg.

Nowadays, the most commonly used analytical techni-
ques for detection of FQs from food samples can be divided
into three categories: instrumental, microbiological, and im-
munological methods. Generally, instrumental methods in-
cluding liquid chromatography [2—4], mass spectrometry
[5-7], and capillary electrophoresis [8—11] are accurate
and sensitive but at the same time they are time consuming,
solvent intensive, costly, and greatly rely on laboratory
facilities as well as experimental skills. Therefore, these
techniques are more suitable for confirmatory analysis than
fast screening of a large number of food samples for FQs in
field. Compared with instrumental methods, the microbio-
logical tests used for screening of FQs are much more cost-
effective and easier to operate, but they take usually about
20 h, and the sensitivity is much lower [12]. In contrast,
immunological methods, especially the enzyme-linked im-
munosorbent assay (ELISA) have been widely applied in
practice for screening of FQs because of its economic cost,
high sensitivity and detection efficiency. In the last 20 years,
many different immunoassay methods have been developed
based on generation of FQs specific polyclonal and mono-
clonal antibody. Most of these methods only can recognize
one single or minor class of FQs with high structure simi-
larity [13, 14]. However, since over 20 FQs have been
applied in practice, there is an emerging trend to develop a
generic immunoassay that is capable of detecting all FQs
derivatives in one single reaction. The fact that all FQs share
a same core structure (Fig. 1) makes this possible. Current
development of generic immunoassay is constrained by the
availability of antibodies with appropriate affinity and
broad-specificity characteristics. The ideal generic antibody
is supposed to show similar cross reactivity to all members
of a chemical group so can be exploited as broad selective

Fig. 1 The structures of
representative FQs

essential structure of FQs
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receptors for development of rapid, low-cost screening anal-
ysis. In the recent years, several attempts have been made to
obtain broad specificity antibodies enabling detection of up
to 13 FQs in ELISA [15-18]. Furthermore, Wang and cow-
orkers calculated and demonstrated the quantitative
structure-activity relationship between antibody and various
FQs by comparative molecular field analysis [18]. This
study of structure-specificity relationship proved that mo-
lecular modeling is a promising tool for designing and
optimization of immunogen. A new quantitative model
based on field-overlapping coefficient of FQs had been
developed by Cao et al. [19] to describe the conformational
features of haptens and predict the specificity of antibodies.
With the help of this model, Cao et al produced a polyclonal
antibody capable of binding 13 FQs with similar affinity.
Although these antibodies exhibited considerably high cross
reactivity to many FQs, they still cannot recognize all the
FQ members. The significant differences in structures of
FQs made it very difficult to prepare a generic antibody
with high homogenicity using conventional immunization
techniques, which had been proved by previous researches.
The inherit drawback of conventional antibody preparation
technology is that the antibody can barely be optimized or
evolved once it is generated. However, recombinant anti-
body and protein engineering technologies provide us a new
solution to prepare generic antibodies. Leivo and coworkers
[20] had utilized the error-prone mutagenesis and novel FQ
derivatives to develop a broad-specificity antigen binding
fragment recombinant antibody from a random mutant
phage display library. In their research, the binding proper-
ties of parental sarafloxacin (SAR)-specific monoclonal an-
tibody have been engineered successfully through random
mutagenesis. The best mutant antibody they obtained was
capable of recognizing seven of eight targeted FQs below
MRLs. Despite of a great amount of efforts, a completely
generic antibody is still not available. However, the previous
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studies showed that protein engineering associated with
molecular modeling is a promising means to develop a
broad-specificity antibody capable of binding all different
FQs with a sufficient affinity for generic immunoassay.

The aim of our study was to prepare a broad-specificity
recombinant antibody on basis of monoclonal antibody
C49H1 previously generated in our lab so that we can
develop a generic immunoassay capable of detecting a
broader range of different FQs. To date, the antibody
C49H1 is one of the best generic monoclonal antibodies
available. It exhibited high cross-reactivity with 12 of 14
FQs [18], and only show poor binding to SAR and diflox-
acin. In the present study, the antibody C49H1 was cloned
as a single-chain variable fragment (scFv) which retains the
binding properties of parental monoclonal antibody (mAb).
Molecular modeling was used to investigate the interactions
between FQs and scFv. Based on the modeling information,
we demonstrate the construction of a phage display library
by site directed mutagenesis of third heavy-chain comple-
mentarity determining region (CDR H3) and report selection
of scFv variants with improved binding activity to SAR,
difloxacin (DIF), and trovafloxacin (TRO). The binding
properties of selected scFv mutants against 20 FQs were
successfully evaluated with indirect competitive enzyme-
linked immunosorbent assay (ciELISA).

Materials and methods
Reagents and chemicals

Bovine serum albumin (BSA), ovalbumin (OVA), 3,3',5,5'-
tetramethylbenzidine (TMB), N-hydroxysuccinimide (NHS),
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). All other chemicals and solvents were of analytical
grade or better and were obtained from Beijing Chemical
Reagent Co. (Beijing, P.R.C.). EZ-Link Sulfo-NHS-LC-LC-
Biotin reagent and high binding capacity biotin-binding plates
were obtained from Thermo Scientific Pierce (Pierce Rock-
ford, IL, USA). Streptavidin-coated magnetic nanoparticles
(Dynabeads MyOne Streptavidin C1) and a magnetic separa-
tor (DYNAL MPC-S) were purchased from Invitrogen Dynal
(AS, Oslo, Norway).

Standard solutions

Ciprofloxacin (CIP), danofloxacin (DAN), DIF hydrochlo-
ride, enoxacin (ENO), enrofloxacin (ENR), fleroxacin
(FLER), amifloxacin (AMI), flumequine (FLU), levofloxacin
(LEV), lomefloxacin hydrochloride (LOM), marbofloxacin
(MAR), norfloxacin (NOR), ofloxacin (OFL), orbifloxacin
(ORB), pazufloxacin (PAZ), pefloxacin-d5 (PEF),

prulifloxacin (PRU), SAR hydrochloride trihydrate, sparflox-
acin (SPA), and TRO mesylate analytical standards were
purchased from VETRANAL® Fluka (Sigma-Aldrich, St.
Louis, MO, USA). Standard stock solutions (100 pg mL ™)
of antibiotics were prepared by dissolving an appropriate
amount of each standard in 0.03 M sodium hydroxide. The
individual stock solutions were stored at 4 °C in amber glass
bottles and were stable for at least 3 months. Working standard
of each antibiotic was prepared by diluting the stock solution
in assay buffer.

Microbiology reagents

All the medium used in this study were prepared as described
in the literature [21]. Dulbecco’s modified Eagle’s media used
for cell culture was obtained from Huamei (Beijing, P.R.C.).
Escherichia coli K12 strain XL1-Blue was purchased from
Stratagene (La Jolla, CA, USA). RV308 strains were obtained
from ATCC. Tetracycline, chloramphenicol, and kanamycin
(>99 % pure) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). M13KO7 helper phage (Kan®) and restriction
enzymes used in cloning and library construction were pur-
chased from New England Biolabs (Beijing, P.R.C.). Isopro-
pyl [3-D-1-Thiogalactopyranoside (IPTG) was obtained from
Promega (Madison, WI, USA). The vector pAK100 and
pJB33 used for phage display and scFv expression were
obtained as gifts from the laboratory of Andreas Pliickthun
(Biochemisches Institut, Universitdt Ziirich, Switzerland).
Monoclonal cell-line C4A9H1 was established previously in
our laboratory [18]. The anti-c-myc 9E10 antibody and the
peroxidase-conjugated goat antimouse IgG (IgG-HRP) was
obtained from Jackson ImmunoResearch Laboratories, Inc.
(West Grove, PA, USA).

Preparation of OVA-conjugated NOR

The coating antigens were prepared by conjugating (NOR)
to OVA using the NHS ester method previously described
[22] with modifications: the hapten (15 mg) was dissolved
in DMF (5 mL), and the solution was cooled with cold
ethanol (4 °C). NHS (20 mg) and EDC (20 mg) were added
to the hapten solution, and the mixture was stirred at room
temperature (RT) overnight. OVA (15 mg) was dissolved in
5 mL of carbonate buffer (pH 8.0) and added dropwise to
the active NHS solution with continuous stirring and further
stirred at RT for 4 h. The hapten—-OVA conjugates were
dialyzed against PBS (pH 7.0) at 4 °C for 72 h, and then
characterized with UV—vis spectrometry.

Biotinylation of NOR and SAR

Biotinylation of NOR and SAR was performed as described
previously [20] with modifications using EZ-Link Sulfo-
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NHS-LC-LC-Biotin reagent (Thermo Scientific Pierce):
NOR(2 mg, 6.25 umol) or SAR(2 mg, 5.2 umol) and
sulfo-NHS-LC-LC-biotin linker (8 mg, 12 pumol) were dis-
solved in 1 mL of PBS and stirred at RT for 120 min. The
liquid in reaction mixture was evaporated with lyophiliza-
tion, and the precipitate was dissolved in 50:50 (v/v) H,O/
acetonitrile. The products were analyzed with MALDI-TOF
MS, where the main peak was detected at [M+H ]=772.6.
The biotin was conjugated to the secondary amine in the
piperazinyl of NOR or SAR in the final products.

Cloning of mabC4A9H1 to scFv format

mAb isotype was determined with mouse mAb isotyping kit
(Pierce). Total RNA was isolated from hybridoma C4A9H1
cells using the Qiagen RNeasy Mini Kit and QIAshredder
(Qiagen, Shanghai, P.R.C.) as instructed by the manufactur-
er. The complementary DNA (cDNA) was synthesized with
the SuperScript™ First-Strand Synthesis System for RT-
PCR (Invitrogen, Shanghai, P.R.C.) following the oligo
(dt),o protocol of kit. After a RACE external primer specific
tag sequence was added onto the 3’ end of cDNA using T4
ssRNA Ligase (New England Biolabs, Beijing, P.R.C.),
heavy-chain (HC) fd gene and whole lambda light-chain
(LC) gene were amplified with the RACE internal and
external primers (Electronic Supplementary Material Table
S1) using Expand High Fidelity polymerase chain reaction
(PCR) system (Roche, Beijing, P.R.C.) as instructed by the
manufacturer. The purified PCR products (HC and LC gene)
were separately cloned into the pCR®2.1-TOPO vector
(Invitrogen) according to the manufacturer’s instructions
and. Several individual clones of HC and LC gene were
sequenced, and the correct sequences were deduced and
identified by comparison to the corresponding germline
gene sequences from the international ImMunoGeneTics
database (IMGT). A full-length scFv gene in 5'-Vi-
(Gly4Ser)4-Vy-3' orientation followed by c-myc tag was
synthesized by GenScript Corporation (Piscataway, NJ,
USA) using preferred codon by E. coli. Afterward, the
synthesized scFv gene was cloned to the pJB33 vector
[23] using the introduced Sfil sites and transformed into E.
coli RV308. The transformants were selected on Luria-
Bertani (LB) plates supplemented with 30 pg/mL chloram-
phenicol and incubated overnight at 37 °C. Plasmids were
extracted from the culture made from the transformants and
analyzed by restriction enzyme digestions and electropho-
resis. The plasmids containing the fragments of right sizes
were confirmed by DNA sequencing.

Expression, purification, and characterization of scFv

To express soluble scFv, single colonies harboring the plas-
mid encoding the respective scFv fragment were incubated
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overnight at 37 °C with shaking (200 rpm) in 10 mL Super
Broth medium (SB medium) containing chloramphenicol
until the ODgponm Of the cultures reached 0.5. IPTG was
added to a final concentration of 100 uM, and growth was
continued for 4 h (26 °C, 250 rpm). The cells were harvested
by centrifugation and resuspended thoroughly in 2 mL pre-
cooled extraction buffer (30 mM Tris—HCI, 2 mM EDTA,
20 % (w/v) sucrose, and 100 pg/ml lysozyme, Sigma-
Aldrich). The suspensions were stored on ice for 30 min.
Cell debris was removed by centrifugation, and the super-
natant was collected and dialyzed (12- to 14-kDa molecular
weight cut-off) against 4 L PBS and stored at 4 °C.

The purification of scFv was carried out by immobilized
metal affinity chromatography (IMAC) using a 5-mL
HisTrap™ HP column (GE Healthcare, Beijing, P.R.C.)
according to the manufacturer’s instructions. For detection,
a UV detector at a wavelength of 280 nm was used. Each
peak was collected separately and checked by SDS-PAGE,
immunoblot, and ciELISA.

Molecular modeling and docking of scFv and FQs

Homology modeling is the most reliable computational
method for predicting protein structure from its sequence.
Discovery Studio 2.5 (DS 2.5, Accelrys Software Inc., San
Diego, CA, USA) computer program was used to construct
the homology model of scFv. Antibody 10e5 (PDB code:
2V(C2) [24] and antibody N1g9 (PDB code: INGQ) [25]
retrieved from National Center for Biotechnology Informa-
tion (NCBI) by BLAST were used as structure alignment
templates for Vi and Vi, respectively. 10 homology models
of Vi and V| were created and refined independently using
Modeler block in DS 2.5. Probability density function
(PDF) Total Energy, PDF Physical Energy and DOPE Score
Discrete Optimized Protein Energy (DOPE) scores for each
model were calculated for models evaluation. To build the
entire Fv domain model, the Vi and Vi models with highest
DOPE scores were selected and superimposed onto
corresponding domains in PDB structure of antibody 9B1
[26] by performing a least squares fit on the backbone atoms
of the conserved framework residues. Except for CDR H3,
all the 5 of 6 CDR loops in the Fv domain model were
identified against antibody database and reconstructed using
the Model Antibody Loops protocol and refined by Loops
refinement protocol in DS 2.5. As the most critical and
variable part of the Fv domain, the CDR H3 loop was
reconstructed and refined with CHARMm, LOOPER, and
CHIROTOR blocks using de novo physics based methods
[27] to break the bias inherited from templates and side
chains of surrounding amino acid residues. Finally, the
whole Fv model was refined by energy minimization with
40 iterations of Steepest Descent-algorithm and 100 itera-
tions of Conjugate Gradients-algorithm. The final Fv model
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was examined under Ramachandran plot and validated us-
ing Verify protein (Profiles-3D) protocol in DS 2.5.

For protein-ligand docking, 3D structures of FQs (NOR
and SAR) were retrieved from NCBI-PubChem compound
database and initialized as ligand molecules (valid ioniza-
tion, removing duplicates, enumerating isomers and tauto-
mers, and generating reasonable 3D conformation) with the
DS 2.5 tool “Ligand Preparation.” All the possible torsion
angles in ligand molecules were set to rotate freely. The Fv
model was set as receptor and six CDR loops were defined
as sphere of binding site (sphere radius, 15 A; sphere center,
48.876, 57.138, and 11.4 for x-, y-, and z-coordinates). The
flexible molecular docking of FQs onto scFv model was
accomplished using automated Genetic Optimization for
Ligand Docking (GOLD) protocol in DS 2.5 with high
predictive accuracy Generic Algorithm (GA) parameters.
For each FQ ligand, ten ligand poses were generated from
docking experiment and evaluated with GOLDscore func-
tion taking into account factors such as H-bonding energy,
van der Waals energy and ligand torsion strain. The further
analysis of all the ligand poses and receptor—ligand inter-
actions were performed using Analyze binding site tools in
DS 2.5.The top ranked ligand poses for NOR and SAR were
used for further study.

Site-directed mutagenesis library

On basis of molecular modeling of scFv, five amino acid
residues in the CDR H3 were selected for site-directed muta-
genesis and Oligo-directed mutagenesis strategy was used to
randomize each selected amino acid residue. The scFv gene
was mutated using Expand High Fidelity PCR System (Roche)
with primer A and B (Table S1 in the Electronic supplementary
material ESM) producing 50 % probability of retention of wild-
type amino acid at each position. Whole scFv gene containing
restricted enzyme sites was amplified with primer A and C
(Table S1 in the ESM). Two micrograms of purified PCR
product was cloned into pAK 100 phagemid vector (molar ratio
of vector to insert, 1:5) using the introduced Sfil sites. The
ligation reactions were purified with ethanol precipitation and
electroporated to electrocompetent E. coli XL1-Blue cells in 10
separate electroporations, yielding approximate 2.4 x 10 trans-
formants. The transformed cells was regenerated in 10 mL
SOC medium at 37 °C and 150 rpm for 1 h, and then culture
was plated on 2x YT agar plates containing 1 % (w/v) glucose,
chloramphenicol, tetracycline and incubate overnight at 37 °C.
Several single colonies were picked up from plate and se-
quenced to evaluate the diversity of library. The remaining
colonies on the agar plate were scraped off in 5 ml 2xYT
containing 30 % (v/v) glycerol and the cell density of this
suspension was estimated by ODggonm, Value. 5 x 10 cells from
this suspension were inoculated in 100 mL 2% YT medium and
cultivated at 37 °C until ODgggp, reached 0.8. Then 10 mL of

this culture was infected with 10'" pfu of M13KO7 helper
phage for 15 min at 37 °C without shaking. Cells were har-
vested by centrifugation (3,000xg, 10 min, 4 °C) and resus-
pended in 50 mL of 2% YT medium containing tetracycline and
chloramphenicol. After 2 h of growth at 37 °C and 200 rpm,
IPTG (100 uM) and kanamycin (75 png/mL) were added to the
culture. Phage production was continued overnight (26 °C,
250 rpm). The bacteria was pelleted by centrifugation and the
phage particles in supernatant were precipitated twice with a
solution containing 5 % (w/v) polyethylene glycol 8000 and
4 % (w/v) NaCl. Phages were finally dissolved in 200 uL PBS
containing 1 % (w/v) BSA. The purified primary phage library
was stored at 4 °C.

Enrichment and screening of phage library

The phage library was enriched with streptavidin-coated mag-
netic C1MyOne nanoparticles as described previously [20].
Prior to each panning round, the PBS solution of 1.0x 10"
purified phage particles displaying scFv was blocked with 1 %
(w/v) BSA in PBS at RT for 30 min followed by incubation in
the streptavidin-coated microtiter wells for 1 h to remove the
unspecific and streptavidin-specific binders. These prese-
lected phages and biotinylated hapten were incubated with
slow shaking for 2 h at RT. Afterward, 1x10° streptavidin-
magnetic beads were added to the phage-antigen mix and
incubate on rotator at RT for 15 min. Beads were collected
with an MPC-S bead collector (Dynal) and washed three times
with PBST—0.05 buffer (PBS containing 0.05 % (v/v) Tween
20, pH 7.5). Phages were eluted by HCl/glycine buffer in the
first panning round and by competition with free SAR solu-
tion of different concentration for 1 h at RT in following four
panning rounds. The eluted phage was purified on a PD-10
desalting column (GE Healthcare) following manufacturer's
instruction to remove the antibiotic competitor and used to
infect 5 mL of E. coli XL1-Blue cells in logarithmic growth
phase (ODggonm, ~0.5) for 30 min at 37 °C. The infected
culture was diluted to 50 mL and used to prepare phage stock
as described earlier. Enrichment of the library was confirmed
and estimated by plated dilutions from the infection step by
comparison with non-antigen-containing selections and poly-
clonal phage ELISA.

After five rounds of panning, 20 single colonies were
selected from the output plates to propagate monoclonal
phages following the same protocol for preparation of pri-
mary phage library stock. The clones showing improved
affinity to SAR in monoclonal phage ciELISA were selected
for further study.

Characterization of active clones

Five scFv genes from selected active clones were subcloned
to pJB33 with Sfil. The expression and purification were
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performed as described above. The cross-reactivity profiles
of the active scFv mutants against various FQs were deter-
mined by ciELISA. The buffers and solutions used in ciE-
LISA were prepared as described [18]. The ciELISA was
carried out as follow: Costar high-binding enzyme immu-
noassay 96-well plates (Corning Inc., Shanghai, P.R.C.)
were coated with NOR-OVA conjugate at 4 °C overnight.
The plates were washed three times with washing buffer,
and then blocked with blocking buffer (300 uL/well) at RT
for 1 h. For competition, 50 pL of a standard solutions of
various concentrations and 50 pL of scFv (1.7 pg/mL in
PBS) were simultaneously added to each coated well. Then,
the plates were incubated for 1 h at RT followed by a three
times washing as described above. Anti-c-myc monoclonal
antibody 9E10 (1:5,000 in PBS) and goat antimouse IgG-
HRP conjugate (1:5,000 in PBS) were simultaneously added
to wells and incubated at RT for 1 h. After three times plates
washing, the substrate solution was added and incubated at
RT for 30 min before the enzymatic reaction was stopped by
adding 2 M H,SO,4 (100 puL/well). The absorbance (A) of
each well was measured at 490 nm by the ELISA plate
reader. The four parameter logistic nonlinear regression
model was used to fit the standard curves and analysis each
ICsq value of competitors. The cross-reactivity values were
calculated by dividing the ICsq value of NOR by the ICsq of
the tested analogues and multiplied by 100.

Results and discussion
Generation and characterization of murine scFv

Today, many different methods have been successfully used
in amplification of the hybridoma V genes. The V region
primers PCR, especially if using diverse primer sets had
been proved efficient for this purpose [28-30]. However,
there are several potential pitfalls in V region primers PCR.
Mutations in the 5’ or 3’ ends of the V genes may prevent
amplification. Moreover, universal V region primers can
introduce mutations which may reduce the stability, produc-
tion yield, and antigen affinity of the scFv encoded by these
amplified V gene [31]. Besides these, in the hybridoma, the
presence of other V genes from nonproductive rearrange-
ments or other fused spleen cells are preferentially ampli-
fied, which result in multiple functional, as well as
nonfunctional V genes. In this situation, an alternative to
V gene PCR is to amplify the complete V gene, including
5'-untranslated region, leader sequence, and a part of the
constant region using rapid amplification of cDNA ends
(RACE). In this study, the isotype of the monoclonal anti-
body C4A9H1 HC and LC were determined as IgG1 and
Lambda, respectively. This isotype information provided
sequence knowledge of the constant region, which was used
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to design the internal primer. Using the RACE external tag
labeled cDNA as PCR template, HC fd region and whole
lambda LC were successfully amplified with RACE external
and internal primers. Based on the deduced amino acid
sequences and protein BLAST analysis, the correct V gene
sequences were identified and assembled in 5'-VL-
(Gly,4Ser),-VH-3' format to construct the full-length scFv
gene.

For high efficiency periplasmic expression of soluble
scFv in Escherichia coli, the assembled scFv gene was
cloned into an enhanced expression vector pJB33 [32] after
optimizations of codon usage bias, GC content, mRNA
secondary structure and other critical parameters. The scFv
was produced in E. coli strain RV308 and purified by IMAC
(Fig. 2). In the expression of soluble scFv, the higher IPTG
concentration (1 mM) used to induce E. coli culture led to
larger total amount of expressed soluble scFv as well as
relatively more serious leakiness of scFv from periplasm
into medium. Therefore, the amount of scFv in periplasmic
extract did not show any obvious improvement along with
the increasing IPTG concentration.

The binding property of purified scFv was investigated in
ciELISA using NOR-OVA conjugate as antigen coated to
the microtiter plate and various FQs derivatives as analyte
competitors. Table 1 shows the ICsy values and cross-
reactivity profile of scFvC4A9HI1 and the parental mab-
C4A9H]1 to the 20 FQs. The scFvC4A9H1 exhibited high
cross reactivity (CR) to nearly all FQs except for the deriv-
atives possessing a fluorophenyl ring at position 1 (SAR,
DIF, TRO), which is consistent with the CR profile of mAb.
Both mabC4A9H1 and scFvC4A9H1 showed high CR
(more than 50 %) to the FQs (CIP, ENR, NOR, PEF,
DAN, LEV, OFL, and AMI) with high structural similarity
to NOR which has been used for the generation of
mADbC49H]1. All of these FQs derivatives possess a piper-
azinyl at position 7 and small alkane substitutions at position

|3
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Fig. 2 Immunoblotting analysis of soluble scFv. Lanes 2—6, the me-
dium fractions of the cultures induced with 0, 0.25, 0.5, 0.75, and
1.0 mM IPTG, respectively; lanes 7—11, the periplasmic extract from
the cultures induced with 0, 0.25, 0.5, 0.75, and 1.0 mM IPTG,
respectively; lane 1, prestained protein ladder marker. All the samples
are normalized to the same ODgqq of the original culture
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1. The minor structural differences at positions 1 and 7 in these
FQs only have a limited impact on the conformation of these
FQs as already shown in previous study [18, 19]. Lower but
similar CR ranging from 36 to 47 % were observed with both
mabC4A9H1 and scFvC4A9H1 against ENO, ORB, FLER,
SPA, MAR, LOM, FLU, and PAZ. These FQs comprise
another important group in the FQs family: they all possess
a ring structure or a significant ring-like conformation around
positions 1 and 8, which may be responsible for the decreased
CR compared with NOR [18]. Similar to the mAb, the scFv
has poor ICs, values against SAR, DIF and TRO. This low
cross-reactivity is mainly explained by the molecular confor-
mation changes of these FQs group compared with NOR. The
large fluorophenyl at position 1 in these FQs formed a plane
that lies perpendicular to the plane of rings A and B. The poor
binding affinity exhibited by scFvC4A9H1 and mAbC4A9H]1
is the result of this steric hindrance [18].

This CR consistency between scFvC4A9H]1 and parental
mADbC4A9H1 indicated that the scFv molecule fully
inherited binding characteristics from mAb, and, therefore
this scFv was a promising candidate for further scFv
engineering.

Molecular modeling and FQs docking

Once the mAbC4A9H1 was cloned successfully into the
scFv format, the sequence information of the V regions
could be used to develop the molecular model and guide
the in vitro engineering of scFvC4A9H]1. Although homol-
ogy modeling is the most efficient and reliable computation-
al method for predicting protein structure from its sequence,
the conformation computation of six CDRs is always the
most challenging part in antibody modeling. In this study,
fortunately, the protein alignment templates of 100 % sim-
ilarity to the CDR L1, L2, L3, and H1 of scFvC4A9H]1,
respectively, were identified from PDB, and the best re-
trieved template to CDR H2 showed 83.3 % similarity.
Based on these templates of good homology, high quality
models for five of six CDRs of scFvC4A9HI1, except H3,
were constructed using the MODLLER and LOOPER
blocks in DS 2.5 software (Fig. 5a). The long CDR H3
consisted of 14 amino acids in scFvC4A9H1 exhibited very
high uniqueness and the best template retrieved from PDB
showed only 42.9 % similarity to it. Therefore, the de novo
physics based method was used to reconstruct the loop
ignoring its starting conformation, and thus breaking the
bias inherited from the initial template [27]. The analysis
of the Ramachandran plot showed that 96 % amino acid
residues of the final model are present in allowed region
(Fig. S1 in the ESM). DS 2.5 Profiles-3D verify score for
the final Fv model was 117.98 and higher than the verify
expected high score (105.81), confirming the reliability of
the modeled structure (Fig. S2 in the ESM).
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Since the parental mAb was raised against NOR-BSA
conjugate [18] and the structure of NOR most closely
mimics the common moiety in all FQs, NOR was used in
our docking study to investigate the binding site and the key
contact residues in scFv-FQs complex. On the other hand, as
the target compound of affinity engineering and the repre-
sentative of FQs possessing a big fluorophenyl at position 1
(Fig. 1), SAR was also docked into the scFv model to
identify the important residues that possibly affect the hap-
ten binding. Ten ligand poses were generated for NOR and
SAR, respectively, under pre-defined GOLD algorithm set-
tings delivering high predictive accuracy. The evaluation of
generated NOR poses displayed a series of ligand fitness
GOLD score ranging from 23.136 to 38.4559 while the
corresponding score for SAR poses varied from 29.283
t034.927 (Table S2 in the ESM). The NOR/SAR-scFv mod-
el containing top ranked ligand pose were selected for
further study and shown in Fig. 5. The modeling of interac-
tion between scFv and NOR or SAR, respectively, showed
that scFvC4A9H1 recognizes and binds NOR (Fig. 3b) or
SAR (Fig. 3d), respectively, by a narrow “cavity-groove”
formed by five of CDR loops, H1, H2, H3, L1, and L3 while
the CDR L2 was located on the outer surface and did not
contact ligand directly (Fig. 3). The carboxyl group at posi-
tion 3 of FQs common moiety was buried deeply in the
small cavity of ~6 A deep and ~3 A diameter, where it is
surrounded by positively charged residues and a hydrogen
bond was observed between CDR H2 Arg 58 (numbered
according to Kabat numbering system [33])and the carboxyl
oxygen atom (distance, ~2 A). In both models of SAR and
NOR, the ring A and ring B lied in a same plane and were
bound in the groove formed by ArgH50, TrpL91, and
Asnl.94 (Fig. 3). In this shallow binding groove, a stable
contacts network composed of four 7t-cation interactions
was observed between 7t systems from rings A and ring B
and the cations provided by protonated side chain of
ArgHS50 while a relatively weak 7—o interaction was formed
by ring B and the hydrogen atom of phenyl in the L/Trp91
side chain. In addition, the ring A was also bound by residue
SerH97 via a hydrogen bond between the fluorine atom and
the hydroxyl hydrogen atom in the serine side chain. All
these short contacts between ligand and receptor were ob-
served in both models of SAR and NOR, but the distances
of these contacts in NOR model were significantly shorter,
generally meaning stronger interaction than corresponding
contacts in SAR, which was perceived as the result of steric
hindrance from perpendicular plane (against rings A and
ring B) formed by the large fluorophenyl substitution at
position 1 in SAR. Furthermore, this steric hindrance also
significantly affected the recognition and binding of
scFvC4A9H1 to piperazinyl ring at position 7, another
important common structure of NOR, SAR, and most of
other FQs. In the SAR docked model, the slightly increased
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Fig. 3 Modeling of the interaction between scFvC4A9H1 and FQs. a
Co ribbon diagram of homology model of Fv domain; b interactions
between NOR and scFv binding site; ¢ the superimposition of NOR-
scFvC4A9H1 and SAR-scFvC4A9H1 complexes. CDR H1, H2, and
H3 were shown as solvent accessible surface in yellow, orange, and
red, respectively, and CDR L1, L2, and L3 were shown in light blue,

distance between ligand and active binding residues caused
by the fluorophenyl group led to the dramatic decrease of
interaction strength. Only a weak 7t—cation interaction (dis-
tance, ~5.26 A) was observed between the protonated distal
piperazinyl nitrogen atom and the aromatic ring in the
TyrL32 side chain. In the NOR docked model, by contrast,
more and stronger interactions were found around the piper-
azinyl group. In the absence of large fluorophenyl substitu-
tion at position 1, the piperazinyl ring formed a “boat
conformation” and the distal piperazinyl nitrogen atom bent
towards the side chain of SerH97. Compared with the “chair
conformation” of the piperazinyl ring in SAR (Fig. 3d), the
protonated distal nitrogen atom was much closer to the
oxygen atom of the hydroxyl in the SerH97 side chain,
and so a strong hydrogen bond was formed here. Further-
more, the bending down nitrogen atom in this “boat confor-
mation” also provided a cation center for the surrounding
aromatic rings and evoked a simple and stable 7t—cation
interaction network among nitrogen cation, TyrL32 and
TrpL91 (Fig. 3).

All of these shorter contacts and stronger interactions
between NOR and scFvC4A9H1 discussed above explained
the hundreds times higher affinity of scFvC4A9H]1 to NOR.
Since the recognition of ring A, ring B and carboxyl group
in the SAR-scFvC4A9H1 interaction were almost the same
as those in the NOR-scFvC4A9H1 complexes, the interac-
tions between piperazinyl ring and binding site were con-
sidered as the decisive factor for the improvement of the

sky blue, and deep blue, respectively, the NOR and SAR molecules
were shown as sticks in red and blue, respectively; d interactions
between SAR and scFvC4A9H]1 binding site. The predicted interac-
tions are shown as straight lines. This figure was generated with Pymol
and DS 2.5

affinity to SAR. As shown in the docking models, the
SerH97 located in CDR H3 was a important residue in the
recognition of the piperazinyl ring. As described above, in
the NOR-scFvC4A9H1 complex, compared with SAR-
scFvC4A9H]1 complex, there was one more hydrogen bond
formed between the end nitrogen atom of the piperazinyl
ring and the SerH97 side chain due to the shorter distance
between them. Given the fact that it is quite difficult to
shorten the distance between the corresponding atoms in
the SAR-scFvC4A9HI complex by directly changing or
modifying the piperazinyl conformation, the mutagenesis
in CDR H3 N-terminal residues under the piperazinyl seems
to be a rational and promising alternate approach to improve
the recognition of piperazinyl ring in SAR. On basis of this
interaction analysis, the first five N-terminal residues of the
CDR H3 in scFvC4A9H1 were selected as key positions for
proceeding mutagenesis research.

Construction and screening of mutagenesis library

For in vitro antibody affinity maturation, site-directed mu-
tagenesis in CDR loops combined with phage display has
been proved to be one of the most effective means to
increase antibody affinity [34, 35]. However, many CDR
residues, especially the CDR H3 residues play the dominant
roles in interactions with antigen. The mutagenesis targeted
to these residues in CDR loops can result in dramatically
decreased affinity to antigen. In this paper, on the basis of

@ Springer



2780

K. Wen et al.

docking study, the first five N-terminal residues of CDR H3
loop were considered as key positions to improve binding to
the piperazinyl group and so were selected as targets of site
directed mutagenesis. To improve the effective capacity of
mutagenesis library, oligonucleotides primers (Table S1 in
the ESM) containing tuned NNS codons biased for wild-
type residues were used to randomize each selected position.
These biased degenerated primers can produce approximate-
ly 50 % wild-type amino acid at each randomized position.
Thus, the number of non-viable structures and non-active
clones were minimized during the induction of mutations,
which was useful to improve the effective capacity of mu-
tant library.

Mutated scFv DNAs were purified and cloned into a
pAK100 phagemid vector. The scFv mutants were produced
as filamentous phage coat protein III fusions from this
vector, enabling phage display. After electroporation into
E. coli XL1-Blue cells, a mutagenesis library containing
~2.4x10® independent colonies was constructed. The se-
quencing results of 40 randomly picked individual clones
showed a very low self-ligation background and a good
diversity of mutated sites (every sequence of these 40 indi-
vidual clones was different from others). In order to obtain
the generic FQs binders with improved affinity to the free
hapten SAR, a specific library selection strategy using al-
ternated antigen (biotinylated NOR and biotinylated SAR)
for panning and competitive elution (using free SAR as
competitor to elute the binders) was employed. Moreover,
a solution- phase panning procedure was performed to en-
sure the selection of scFvs based on binding affinity or
binding kinetics rather than avidity [36]. This is especially
important because some low affinity mutants in scFv library
may spontaneously dimerize in a sequence dependent man-
ner, and so exhibiting higher avidity than the monomeric
scFvs [37]. In the first panning round, biotinylated NOR
was used as antigen to enrich NOR specific binders in the
library, and to retain the binding property of wild-type scFv.
In four subsequent panning rounds, this preliminary
enriched library was selected on SAR and competitively
eluted with SAR solution of decreased concentration at each
round from 10 to 0.01 pug/mL (10-fold decrease in each
round). After each panning round, a part of the eluted
phages were titered to determine the amount of output
phages (the output values from the first to the fifth round
were 7.3x10%, 1.4x10°, 6.1x10°, 1.1x10°, and 6.2x10°,
respectively), and the remained phages were used to infect
XL1-Blue cells for amplification. Because of the change of
the panning antigen in the second round, the amount of
output phage reduced significantly to 1.4x10° in contrast
to the first round (7.3x10° ). However, the gradually in-
creasing output of library from 1.4x10° to 6.2x10° was
observed during subsequent panning rounds on SAR, indi-
cating that specific mutants were enriched successfully in

@ Springer

library even after the change of the panning antigen. The
library enrichment was also monitored by polyclonal phage
ciELISA using amplified phage and NOR-OVA conjugate
after each panning round. The ciELISA was performed as
described above, and the amount of amplified phage from
each round used in ciELISA was normalized to yield an
absorption signal around 1.5 at 490 nm. The calculated ICs,
values of polyclonal phages displaying scFvs to free SAR
are shown in Fig. 4. Both the decreasing ICs, values and the
amount of phages used to produce the same signal in ciE-
LISA suggested that the binders with improved affinity to
free SAR were enriched significantly. A minor decrease of
ICso was observed after the first panning round on NOR,
even without any selection on SAR, which was considered
as the result of elimination of nonspecific binders in the
library. During subsequent panning on SAR combined with
SAR competitive elution, the ICso reduced gradually from
312 to 30 ng/mL. However, the decrease of ICs after fourth
and fifth round became much slower, which reflected the
limit of this mutagenesis library. Although three additional
selection rounds were performed, the ICsq values of ampli-
fied phage did not show any significant change (data not
shown). Therefore, output clones from the fifth panning
round were selected for further characterization

Analysis of positive mutants

After five panning rounds, five different mutants
(scFvC4A9H1 mutl, scFvC4A9HI mut2, scFvC4A9HI
mut3, scFvC4A9H1 mut4, and scFvC4A9H1 mutS) show-
ing similar or improved affinity to SAR and its analogues
(DIF and TRO) were obtained from site-directed CDR H3
mutagenesis library. The five scFv DNAs were sequenced
and the corresponding amino acid sequences deduced to
identify mutated amino acid positions (Table 2). Moreover,
the scFvC4A9H1 mutl to scFvC4A9H1 mut5 were pro-
duced in E. coli, affinity purified and tested in ciELISA to
determine binding specificities to the selected 20 FQs
(Fig. 5; Table 1). According to the amino acid sequence
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Fig. 4 1Csq of polyclonal phage displayed scFv to SAR from each
panning round
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Table 2 Mutant sequences

Mutants H95 H96 H97 H98 H99
scFvC4A9H1 Ala Leu Ser Leu Tyr
scFvC4A9H1 mutl Ala Gly Ser Ala Tyr
scFvC4A9H1_mut2 Gly Gly Ser Ala Tyr
scFvC4A9H1_mut3 Gly Ala Ser Gly Tyr

scFvC4A9H1_mut4 Ala Gly Arg Gly Gln
scFvC4A9H1_mut5 Ser Ala Arg Gly Gln

Residues discussed were numbered according to Kabat nomenclature
system [33]

analysis and ciELISA characterization, the five mutants can
be categorized into two groups. The first group comprising
scFvC4A9H1 mutl, mut2, and mut3 exhibited similar
cross-reactivity profiles to 20 FQs (Table 1). Importantly,
compared with wild-type scFvC4A9H]I, the ICsy of these
three mutants to SAR, DIF and TRO decreased about 10-fold
while the ICs values to other FQs only changed slightly. In all
these three scFv mutants, the substitutions of wild-type amino
acids with smaller ones (Gly or Ala) were observed at position
H95, H96, and H98, and no mutation was observed at SerH97
and TyrH99. The second group comprising scFvC4A9H1
mut4 and mut5S showed dramatically decreased affinity to
FLU, PAZ and PRU, in spite to the increased affinity to
SAR and its analogues. The mutations observed at H95,
H96, and H98 in both scFv mutants were almost the same as
in group 1: all the relatively large amino acids at these posi-
tions in the wild-type scFvC4A9H1 were substituted with
smaller ones (Gly, Ser, or Ala). Different to the first group,
two additional mutations SerH97Arg and TyrH99GIn were
observed in scFvC4A9H1 mut4 and mut5.

As discussed above, our NOR-scFv and SAR-scFv dock-
ing models suggested that the amino acids from H95 to H99
formed the bottom surface of the binding groove to piper-
azinyl at FQs position 7, and this region were considered
responsible for the hundred-fold difference between ICsy
values of wild-type scFv to NOR and SAR. In NOR docked
model, SerH97 formed a hydrogen bond with distal nitrogen
atom of piperazinyl, which was the primary contributor to

Fig. 5 The representative 104 ; )
ciELISA standard curves “‘"5-.\\
08 “i
06 \\
g’
3]
041
» scFVC4A9H]1
1C50: 0.30 ng/mL L}
02
= scFvC4A9H] mut2 R
1C50: 0.32 ng/ml.
0.0 4

the recognition and binding of piperazinyl. However, in the
SAR docked model, the increased distance between SerH97
and distal nitrogen atom prevented the formation of the
same hydrogen bond. Indeed, biased random mutations
introduced to this region improved the recognition of SAR
and its analogues and ensured retaining affinity to the other
FQs. In all five selected mutants, observed substitutions of
AlaH95, LeuH96 and LeuH98 with smaller amino acids
(Ala, Gly, or Ser) indicated that this compact N-terminal
corner of more flexibility in CDR H3 was favorable in
binding of SAR. In group 1 where the mutants showed the
best cross-reactivity profile to all FQs and 10-fold improved
affinity to SAR, no mutations was founded at SerH97 and
TyrH99, which suggested that these two amino acids play a
very important role in recognition of SAR. Based on these
observed mutations and ciELISA results, we concluded that
the flexible N-terminal corner structure in CDR H3 made
the SAR molecule, especially the piperazinyl group, fitting
more accurately and closer into the binding sites. Thus, in
presence of SerH97, the stronger short contacts and the
same hydrogen bond as NOR docked model between piper-
azinyl and mutants CDR H3 formed Although the other
retained amino acid TyrH99 from wild-type scFvC4A9H1
was located in the outer surface of the VH domain and did
not contact the hapten directly, the hydrogen bond between
it and AsnL34 was considered important for maintenance of
the VH-VL dimer. All these CDR H3 mutations seem fa-
vorable to recognize and bind the piperazinyl of FQs, and
explained the improved affinity to SAR and its analogues
without losing the affinity to the other FQs possessing a
piperazinyl group at position 7. However, the change of the
CDR H3 conformation caused by these mutations disturbed
the interaction between the scFv and ring A or ring B in
some way, which resulted in a 2-fold increase of ICsq to
FLU, PAZ, and PRU not contain a piperazinyl group at
position 7. A similar but much more significant increase in
ICsq values to these “no piperazinyl” FQs was observed in
mutants of the second group. In the second group, the
important mutations SerH97Arg and TyrH99GlIn also led
to the increased affinity to SAR and its analogues by the
potential hydrogen bond or other interactions formed
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between piperazinyl and its binding site. However, in con-
trast to Ser, the intensely positively charged and relatively
large side chain of Arg must have strongly affect the con-
tacts between other FQs common structures (rings A and B)
and binding sites, or possibly even lead to completely dif-
ferent interactions between FQ molecules and mutated bind-
ing site, as indicated by the increased ICs, values of the
second mutants group to all FQs, except SAR and its ana-
logues. As for the other mutation TyrH99Gln, because of the
potential hydrogen bonding between GInH99 and AsnL34,
TyrH99GIn only brought a very limited effect to the binding
site conformation.

Conclusions

The scFvC4A9H1 against FQs was successfully prepared
from mAbC49H]1. For the first time, homology modeling
and docking study were used to investigate and demonstrate
the interactions between FQs and scFvC4A9H]1. Based on
molecular modeling research, five N-terminal amino acids
in the CHR H3 were identified as target positions for ran-
dom mutations to broaden the binding of scFvC4A9HI to
SAR, DIF and TRO. A site-directed mutagenesis phage
library was designed and constructed to develop an anti-
FQs generic scFv with improved affinity to SAR and its
analogues. After five rounds panning combined with com-
petitive elution, five scFv mutants were isolated from the
library. The best scFv molecule obtained in our study,
scFvC4A9H1 mut2, showed 10-fold improved affinity to
SAR and its analogues while the affinity to other FQs was
fully inherited from wild-type scFvC4A9H]1.
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