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ABSTRACT: Antibody-based immunoassay methods have
been important tools for monitoring drug residues in animal
foods. However, because of limited knowledge about the
quantitative structure−activity relationships between a hapten
and its resultant antibody specificity, antibody production with
the desired specificity is still a huge challenge. In this study, the
three-dimensional quantitative structure−activity relationship
(3D QSAR) was analyzed in accordance with the cross-
reactivity of quinolone drugs reacting with the antibody raised
by pipemidic acid as the immunizing hapten and compared
with the reported cross-reactivity data and their hapten struc-
tures. It was found that the specificity of a quinolone antibody
was strongly related to the conformation of the hapten used and that hapten conformations shaped like the letters “I”, “P”, and
“Φ” were essential for the desired high specificity with low cross-reactivity, but that the hapten conformation shaped like the
letter “Y” led to an antibody with broad specificity and high cross-reactivity. Almost all of the antibodies against quinolones could
result from these four hapten conformations. It was first found that the concrete conformations dominated the specificity of the
antibody to quinolone, which will be of significance for the accurate hapten design, predictable antibody specificity, and better
understanding the recognition mechanism between haptens and the antibodies for immunoassays.

Q uinolones are a class of antimicrobial drugs that are
widely used in the prevention and treatment of animal

diseases. However, their residues in animal foods have raised a
series of health issues, including skin reactions, phototoxicity,
and hyperglycemia.1−3 To effectively monitor quinolone abuse
in animal-derived food products, it is important to develop a
rapid screening method for monitoring quinolone residues.
Compared with the traditional instrumental methods,4−8 immuno-
assays relying on antigen−antibody interactions are favored by
analytical chemists because of their convenient manipulation,
simple sample treatment, low costs, and easy automation.
Some immunoassays have been developed for the detection of
quinolone residues.9−11

It is well-known that an antibody with the desired broad
or high specificity (high or low cross-reactivity) is crucial to

develop an immunoassay.12 High specificity means low cross-
reactivity to structurally related compounds,13,14 which is
traditionally favored by a single analyte analysis in one test.
On the contrary, broad specificity means that the high cross-
reactivity to structurally related compounds is useful for the
monitoring of series of compounds to complete a multianalyte
analysis in one test.15 Now, the broad-specificity, multianalyte
recognition in one assay seems to be a focus of antibody
production and immunoassay development for quinolone
drugs.16−18 There have been a few of reports of the broad
specificity of quinolone antibodies based on molecular modeling.
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Wang et al. developed a generic immunoassay using ciprofloxacin
antibodies for 12 fluoroquinolone antibiotics, and the obtained
cross-reactivity data showed that the ethyl group of the
piperazinyl ring exerted a limited effect on antibody binding
but appeared to be important during antibody production.18

In a previous study, we employed pazufloxacin as the hapten to
produce a broad specific antibody recognizing 23 quinolones.19

We found that the quinolones could interact with the antibody
in different binding positions and that cross-reactivity was mainly
positively correlated with a bulky substructure containing an
electronegative atom at position 7, whereas it was negatively
associated with the presence of a large bulky substructure at
position 1 of the quinolones.19 Even though the topological
properties of haptens provide a rich body of structural
information that could be helpful for understanding the
specificities of antibodies,19 the reasonable prediction and design
of the resultant antibody specificity are still great challenges
because of the unclear structure−activity relationship and limited
knowledge about the recognition mechanism.19

In this study, pipemidic acid, a quinolone drug with a flat
conformation shaped like the letter “I” at position 7, was used
as the hapten to produce a polyclonal antibody, and a highly
sensitive competitive indirect enzyme-linked immunosorbant
assay (ciELISA) was successfully constructed in a heterologous
coating format. Using comparative molecular field analysis
(CoMFA) based on the obtained cross-reactivity of the anti-
body raised by pipemidic acid, a three-dimensional quantitative
structure−activity relationship (3D QSAR) was constructed
among quinolone hapten structures and the specificity of the
pipemidic acid antibody. Moreover, through a comparison with
the reported cross-reactivity data and the structure of typical
quinolone haptens including clinafloxacin, ofloxacin, pazuflox-
acin, and ciprofloxacin, the optimal hapten conformations for

the corresponding antibody specificity were investigated for the
first time.

■ EXPERIMENTAL SECTION

Reagents. Pipemidic acid, 3,3′,5,5′-tetramethylbenzidine
(TMB), bovine serum albumin (BSA), ovalbumin (OVA),
complete and incomplete Freund’s adjuvants, 1-(3-(dimethyl-
amino)propyl)-3-ethylcarbodiimide hydrochloride (EDC),
Tween-20, and N,N-dimethylformamide (DMF) were pur-
chased from Sigma (St. Louis, MO). HRP-conjugated goat-
antirabbit immunoglobulin G (IgG) was obtained from Boster
Biotech Corporation Limited. (Wuhan, China). Rufloxacin,
prulifloxacin, norfloxacin, pefloxacin, enrofloxacin, oxolinic
acid, racemic ofloxacin, ciprofloxacin, lomefloxacin, danoflox-
acin, garenoxacin, pazufloxacin, clinafloxacin, gatifloxacin,
marbofloxacin, difloxacin, sarafloxacin, sparfloxacin, and tosu-
floxacin were purchased from Veterinary Medicine Supervisory
Institute of China (Beijing, China). (S)-(−)-ofloxacin and
(R)-(+)-ofloxacin were purchased from Daicel Chiral Tech-
nologies Company (Figure 1). All of the chemicals and organic
solvents, which were of analytical grade or better, were obtained
from a local chemical supplier (Yunhui Trade Co., Ltd.,
Guangzhou, China). The coating buffer, washing solution,
blocking solution, substrate buffer, stopping reagent, and TMB
solution used in this study were prepared as in previous work in
our laboratory.20 Standard stock solutions (1 mg/mL) were
prepared by dissolving the appropriate amount of each standard
in 0.03 mol/L sodium hydroxide solution and holding the
solutions at 4 °C until use. Working standard solutions (0.038,
0.31, 2.44, 19.53, 156.25, 1250, and 10000 ng/mL) were
prepared by diluting the stock solution in phosphate-buffered
saline with 0.1% Tween-20 (PBST).

Figure 1. Structures of quinolones.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.7b00997
Anal. Chem. 2017, 89, 6740−6748

6741

http://dx.doi.org/10.1021/acs.analchem.7b00997


Instruments. UV−visible absorption measurements were
performed on a UV-3010 spectrophotometer (Hitachi, Tokyo,
Japan). ELISA plates were washed with a DEM-3 microtiter
plate washer (Tuopu, China). Absorbance was measured at a
wavelength of 450 nm using a Multiskan MK3 microplate
reader (Thermo Labsystems, USA).
Preparation of Hapten−Protein Conjugates. Pipemidic

acid was coupled to BSA through EDC for the immunogen, and
both pipemidic acid and quinolone drugs (norfloxacin−OVA,
pazufloxacin−OVA, ciprofloxacin−OVA, gatifloxacin−OVA,
lomefloxacin−OVA, sarafloxacin−OVA, and garenoxacin−
OVA) were coupled with OVA through EDC for use of the
coating antigens according to previous work with modifica-
tions.21

Antibody Production. Animal treatments were conducted
in accordance with the guidelines of the Chinese Association
for Laboratory Animal Sciences. Two New Zealand rabbits
(1.5−2.0 kg), supplied by the Guangdong Medical Laboratory
Animal Center, were immunized using pipemidic acid−BSA as
the immunogen to generate the polyclonal antibody against
pipemidic acid according to our previous work with modifi-
cations.20 The obtained antisera from rabbits were purified by
caprylic acid-saturated ammonium sulfate precipitation, and the
purity was confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Then, the antisera were
divided into aliquots, labeled, and stored at −20 °C until use.22

ELISA Procedure. The ELISA was established on the basis
of the common procedure of competitive indirect enzyme-
linked immunosorbent assay (ciELISA).20 Calibration curves
were obtained by plotting the normalized signal B/B0 against
the logarithm of the analyte concentration. The logarithm of
the pipemidic acid concentration served as the X axis, whereas
B/B0 (where B is the average absorbance of the wells in the
presence of a competitor and B0 is the average absorbance
of the well without analyte) served as the Y axis. The 50%
inhibition values (IC50) were obtained using a four-parameter
logistic equation that was used to fit the sigmoidal curve using
OriginPro 8.5 software (OriginLab Corporation, Northampton,
MA).23 The equation was as follows

= −
+
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A D
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D
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where A is the maximum response at high asymptotes of the
curve, D is the minimum response at low asymptotes of the
curve, C is the concentration of the analyte that resulted in 50%
inhibition, and E is the slope of sigmoidal curve. The limit of
detection (LOD) was defined as the concentration of analyte
that provided 10% inhibition (IC10).

24 The dynamic working
range was defined as the lower and upper concentrations that
provided 20−80% inhibition.25

Specificity. The specificity of the antibody was evaluated
by measuring the cross-reactivity (CR) using a group of
structurally related quinolone drugs. Twenty-two compounds
were selected for this test (Figure 1), and the obtained IC50
values were used to calculate cross-reactivities as follows

= ×
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QSAR. CoMFA for Pipemidic Acid Immunoassay. Molec-
ular modeling was conducted using the SYBYL-X 2.1 program
package. The 22 molecules in the data set were con-
structed using the “SKETCH” option function; then, they

were energy-minimized using the Powell method with the
MMFF94 force field and MMFF94 charges. The criteria for
termination and the maximum number of iterations were set
to be 0.005 kcal/(mol Å) and 1000, respectively. The other
parameters were the defaults. Molecular alignment was
performed using pipemidic acid as the template molecule and
its C-4a, C-5, N-8, and C-8a unit as the common core struc-
ture. Pipemidic acid, prulifloxacin, rufloxacin, norfloxacin,
pefloxacin, enrofloxacin, lomefloxacin, danofloxacin, garenoxacin,
(S)-(−)-ofloxacin, clinafloxacin, gatifloxacin, marbofloxacin, di-
floxacin, sarafloxacin, sparfloxacin, and tosufloxacin were classified
into the training set, and oxolinic acid, (R)-(+)-ofloxacin,
ciprofloxacin, and pazufloxacin were treated as the test set.
The converted pIC50 (−log IC50) values were used in the analysis.
CoMFA steric and electrostatic interaction fields of each

molecule were calculated on a 3D cubic lattice. An sp3 carbon
probe atom with a van der Waals radius of 1.52 Å and charge
of +1 was used to generate the steric and electrostatic field
energies. The cross-validated correlation coefficient, R2 (q2),
and the optimum number of components (ONC) were obtained
using the partial least-squares (PLS) method with the leave-
one-out (LOO) option. Using the obtained optimum numbers
of components, the final non-cross-validated model was created.
Except for use of the MMFF94 charges, the other parameters or
options of the CoMFA were the defaults.

Conformation Comparison Analysis. Previously, we raised
a clinafloxacin polyclonal antibody and developed a rapid,
specific immunoassay for clinafloxacin.21 In this work, the
converted pIC50 (−log IC50) values for the cross-reactivity data
of clinafloxacin were directly used for molecular modeling.
The molecular alignment was carried out using clinafloxacin as
the template molecule and its C-4a, C-5, N-8, and C-8a atoms
as the common core structure. Clinafloxacin, gatifloxacin,
ciprofloxacin, (S)-(−)-ofloxacin, rufloxacin, enrofloxacin, mar-
bofloxacin, lomefloxacin, prulifloxacin, pefloxacin, nalidixic acid,
tosufloxacin, and difloxacin were classified into the training set,
and danofloxacin, (R)-(+)-ofloxacin, sparfloxacin, and saraflox-
acin were treated as the test set. Molecular modeling was con-
ducted using the same method and parameters as above.
The comparative molecular field analyses of other quinolones,
including pazufloxacin, ciprofloxacin, and ofloxacin, were
reported in the literature and were used for discussion in this
study.18,26,27

■ RESULTS AND DISCUSSION
Immunoreagent Preparation. The pipemidic acid bear-

ing a carboxylic acid group at the end of the spacer was
covalently coupled with a carrier protein (BSA or OVA) by the
direct EDC method. UV spectra were measured to ensure the
successful conjugation. Figure S1 shows the UV spectra of BSA,
OVA, pipemidic acid, pipemidic acid−BSA and pipemidic
acid−OVA. BSA/OVA showed a characteristic absorption peak
at 280 nm, whreas pipemidic acid exhibited a peak at 332 nm.
The absorption spectra of pipemidic acid−BSA/−OVA
conjugates contained absorption peaks of both pipemidic acid
and BSA/OVA, but with somewhat of a blue shift. This
indicates that the coupling of pipemidic acid to BSA and OVA
was successful.28 Similar results were obtained with other
quinolone drug−OVA conjugates (data not shown). The SDS-
PAGE results showed that the purified pipemidic acid antibody
had a heavy chain observed at 50 kDa and a light chain at about
25 kDa. There was no superfluous band (Figure S2). Thus, the
purified antibody was ideal for further investigation.
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Optimization of ciELISA. To obtain the optimal sensitivity
of ciELISA, the concentration of coating antigen and the
antibody dilution time were optimized to obtain a maximum
absorbance (Amax) for the zero standard concentration (blank)
in the range of 1.0−1.5 and the best sensitivity (minimum IC50
value).29

For homologous assay format (pipemidic acid−OVA for the
use of the coating antigen), a poor binding affinity with a low
inhibition rate of 48.05% was obtained. In addition, the
standard curve for pipemidic acid (Figure 2) was constructed in

the concentration range from 6.53 to 144.87 ng/mL, and the
value of the LOD at 10% inhibition was within 2.6 ng/mL.
These results indicate that the sensitivity was 14.4 times lower
than that of the ultraperformance liquid chromatography−
tandem mass spectrometry (UPLC−MS/MS) method7 and
that the inhibition rate (48.05%) was undesirable, which failed
to meet the purpose of this study.
To obtain better sensitivity, a series of coating antigens

(norfloxacin−OVA, pazufloxacin−OVA, ciprofloxacin−OVA,
gatifloxacin−OVA, lomefloxacin−OVA, sarafloxacin−OVA,
and garenoxacin−OVA) were compared at the same coating
concentration (1 μg/mL) (Table S1). Surprisingly, although
the homologous assay format demonstrated a better titer
(titer = 32000) than any of the heterogeneous formats
(norfloxacin−OVA, pazufloxacin−OVA, ciprofloxacin−OVA,
gatifloxacin−OVA, lomefloxacin−OVA, sarafloxacin−OVA,
and garenoxacin−OVA for the use of the coating antigens),

it was found that lomefloxacin−OVA showed the highest
inhibition rate (86.7%) with a titer of 8000.
The calibration curves for pipemidic acid in the homolo-

gous and heterogeneous assay formats were constructed
(Figure 2). Compared with the IC50 (30.76 ng/mL) and
LOD (2.64 ng/mL) for the homologous assay format
(Table S1 and Figure 2), the IC50 and LOD for the
heterogeneous assay format (with lomefloxacin−OVA as the
coating antigen) were 5.99 ng/mL and 0.31 ng/mL, respec-
tively, indicating that the sensitivity was better than that of the
homologous combination and that of the reported physico-
chemical method.7 As a result, the combination of the pipe-
midic acid antibody and lomefloxacin−OVA was used for
further investigation because of its improved sensitivity.

Specificity. The cross-reactivities of 22 types of quinolones
were determined using the developed ELISA with pipemidic
acid as the reference compound. Except for rufloxacin and
prulifloxacin, the cross-reactivity values of other quinolones
were found to be lower than 15% (Table 1). Only 9% of the
quinolones in this study displayed cross-reactivities that were
greater than 15%; thus, these results can be regarded as
indicating the high specificity of the pipemidic acid antibody.
Generally, high cross-reactivities of haptens can be directly

ascribed to similarities in their molecular structures, and low
cross-reactivities are possibly related to the structural differ-
ences of the cross-reactants.30 In this study, norfloxacin was
confirmed to be a good hapten candidate resulting in a broad-
specificity antibody that could recognize 13 quinolones.31

The structural differences between norfloxacin and pipemidic
acid occur at positions 6 and 8, where norfloxacin contains a
carbon atom at position 6 and a C−F group at position 8,
whereas pipemidic acid contains nitrogen atoms at both of these
locations. Such differences seem to be a minimal, but the cross-
reactivities of norfloxacin and pipemidic acid were found to be
significantly different (14.1% for norfloxacin, 100% for pipemidic
acid). This suggests that positions 6 and 8 are likely crucial to
the desired hapten conformation for antibody recognizing. More-
over, the structures of rufloxacin and ofloxacin are similar except
for the ring formed by the group at positions 1 and 8. This
implies that the ring also plays an important role in hapten−
antibody binding. Additionally, compared with the structure of
pipemidic acid, difloxacin contained one supplemental benzene
ring at position 1; however, the cross-reactivity of difloxacin
dropped dramatically from CR 100% for pipemidic acid to CR
0.5%. Moreover, the cross-reactivities of sarafloxacin (CR =
0.3%) and tosufloxacin (CR = 0.3%) were also very low because
of the benzene ring added at position 1. These dramatic changes
in cross-reactivity indicate the importance of the groups at

Figure 2. ciELISA calibration curves for pipemidic acid with different
coating antigens. Each point represents mean ± standard deviation of
three replicates.

Table 1. Cross-Reactivities of Pipemidic Acid and 22 Quinolone Drugs Based on Coating Antigen Lomefloxacin−OVA

name IC50 (nmol/mL) CR (%) name IC50 (nmol/mL) CR (%)

pipemidic acid 0.0076 100.0 danofloxacin 0.21 3.6
rufloxacin 0.026 29.5 garenoxacin 0.23 3.3
prulifloxacin 0.026 28.8 (S)-(−)-ofloxacin 0.26 2.9
norfloxacin 0.054 14.1 pazufloxacin 0.27 2.8
pefloxacin 0.056 13.4 clinafloxacin 0.49 1.5
enrofloxacin 0.071 10.7 gatifloxacin 0.50 1.5
oxolinic acid 0.082 9.2 marbofloxacin 0.96 0.8
ofloxacin 0.090 8.4 difloxacin 1.49 0.5
(R)-(+)-ofloxacin 0.10 7.3 sarafloxacin 2.32 0.3
ciprofloxacin 0.14 5.4 sparfloxacin 2.53 0.3
lomefloxacin 0.21 3.7 tosufloxacin 2.91 0.3

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.7b00997
Anal. Chem. 2017, 89, 6740−6748

6743

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b00997/suppl_file/ac7b00997_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b00997/suppl_file/ac7b00997_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b00997


positions 1, 6, and 8 for a desired binding conformation. To
better understand the high specificity of the obtained pipemidic
acid antibody, CoMFA was used for further investigation.
CoMFA Analysis. The CoMFA models exhibited rational q2

values greater than 0.5, and the S and E fields offered 58.2% and
41.8% contributions, respectively, to the affinity (Table S2).
The pIC50 values of the molecules in the test set were perfectly
predicted in the CoMFA model (Figure S3).
The contour maps reflect the desired/undesired steric/

electrostatic features for molecular binding affinity in the CoMFA
model, in which the green and yellow contours represent the
favorable and unfavorable steric regions, respectively, whereas the
blue and red contours represent the favorable and unfavorable
electropositive regions, respectively. The piperazine ring at
position 7 was nearly in the same plane with the basic structure,
1,4-dihydro-4-oxo-3-quinolinecarboxylic acid, shared by almost all
quinolones (Figure 3a), and the conformation of pipemidic acid
was shaped like the letter I. Thus, from the perspective of looking
down at the molecule, the piperazine ring formed a flat antibody
binding cavity that could not accommodate a large group.

In addition, the green contour was near position 4′ of
pipemidic acid (Figure 3a), which implies that the antibody
could not recognize the groups at both sides of position 7.
However, the piperazine ring at position 7 of norfloxacin was
almost perpendicular to the basic structure (Figure 3b). As a
result, to accommodate a large group, it seems to be essential
for th hapten to have a large antibody binding cavity at this
position. The piperazine ring at position 7 in other quinolones
was also essentially perpendicular to the basic structure and was
consistent with norfloxacin (Figure 3c−f). These features could
constitute the main reason that the resultant antibody against
pipemidic acid exhibited low cross-reactivity to quinolones.
The hydrogen atom at the oxazine ring of (S)-(−)-ofloxacin

interacted with the little yellow contour, and the methyl group
was near the large yellow contour, whereas the hydrogen atom
at the oxazine ring of (R)-(+)-ofloxacin interacted with the
green contours, and the methyl group deviated from the
little yellow contour because of their opposite conformations
(Figure 3c,d). This could be the reason that (S)-(−)-ofloxacin
(experimental pIC50 = 9.585) showed a lower binding activity

Figure 3. CoMFA contour maps of pipemidic acid. (a−f) CoMFA steric contour maps together with (a) embedded pipemidic acid, (b) embedded
norfloxacin, (c) embedded (R)-(+)-ofloxacin, (d) embedded (S)-(−)-ofloxacin, (e) embedded pefloxacin, and (f) embedded difloxacin. (g,h)
CoMFA electrostatic contour maps together with (g) embedded norfloxacin and (h) embedded sarafloxacin. The energies of all fields were
calculated with the weight of the standard deviation and the coefficient. Green, yellow, blue, and red contours represent steric bulk desirable, steric
bulk undesirable, positive charge desirable, and negative charge desirable, respectively.
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to the pipemidic acid antibody than that of (R)-(+)-ofloxacin
(experimental pIC50= 10.000) (Table S3). Comparison of the
conformation of (S)-(−)-ofloxacin with that of norfloxacin
shows that the group at position 8 in (S)-(−)-ofloxacin is
larger and closer to the yellow contours than that of
norfloxacin, which could be ascribed to the lower activity of
(S)-(−)-ofloxacin (experimental pIC50 = 9.585) (Figure 3b,d).
In addition, from a comparison of the CoMFA maps of
pefloxacin and difloxacin (Figure 3e,f), the yellow contours near
the benzene ring of difloxacin indicated that the bulky group
at position 1 decreased the binding activity; therefore, the
activities of difloxacin (experimental pIC50 = 8.827) were
lower than those of pefloxacin (experimental pIC50 = 10.252)
(Table S3).
In addition to the major contribution of the steric field,

the electrostatic field also plays an important role in the
quinolone−antibody binding conformation (Figure 3g,h). The
difference between norfloxacin and sarafloxacin was the group
at position 1, and the group interacted with the blue contour
of a rhombus. However, the electronegative fluorine atom of
sarafloxacin was near these regions, which additionally led to
a lower binding activity for sarafloxacin. This indicates that
electronegative groups at position 1 decreased the binding
activity, which was consistent with the conclusions based on the
steric effect above.
Conformation Comparison Analysis. Table 2 shows

22 types of models of the minimum-energy conformations of
the quinolones from the immunoassay for pipemidic acid in
this study and the previously reported immunoassay for
clinafloxacin.21 These models were divided into four groups
in accordance with their conformational features at the
minimum energy. The first group contained pipemidic acid,
nalidixic acid, and oxolinic acid, and their conformations
were shaped like the letter I. The second group contained
clinafloxacin, danofloxacin, and tosufloxacin, and their con-
formations were shaped like a letter “P”. The third group
contained difloxacin, enrofloxacin, gatifloxacin, lomefloxacin,
pefloxacin, rufloxacin, (R)-(+)-ofloxacin, (S)-(−)-ofloxacin,

garenoxacin, prulifloxacin, sparfloxacin, and marbofloxacin,
and their conformations were shaped like the Greek letter
“Φ”,. The fourth group contained ciprofloxacin, norfloxacin,
pazufloxacin, and sarafloxacin, and their conformations formed
a “Y” shape (or a lollipop).
In the first group, the conformation features of nalidixic acid and

oxolinic acid were also shaped like the letter I and were consistent
with pipemidic acid. Thus, the antibody derived from nalidixic acid
or oxolinic acid as a hapten could be of high specificity.
In the second group, CoMFA was used for the further

investigation of the clinafloxacin immunoassay. The CoMFA
models exhibited a rational q2 value of 0.587, and the S and E
fields offered 53.4% and 46.6% contributions, respectively, to
the affinity (Table S2). The pIC50 values of the molecules in the
test set were perfectly predicted (Figure S3). Therefore, the
contour analysis of the model was further carried out.
The group at position 7 of clinafloxacin was on the side of

the basic structure plane, and the conformation of clinafloxacin
was shaped like the letter “P” (Figure 4a). In addition, the green
contour was near the amino group at position 3′ in clinafloxacin
(Figure 4a). This implies that the antibody to clinafloxacin
could not recognize the group on the side near position 5′.
However, the piperazine ring at position 7 in ciprofloxacin was
basically perpendicular to the basic structure (Figure 4b).
Furthermore, other quinolones with the piperazine ring at
position 7 were also basically perpendicular to the basic
structure and were consistent with that of ciprofloxacin
(Figure 4c−f). Moreover, the amino group and five-membered
ring at position 7 seemed to form a small antibody binding
cavity that would not accommodate a large group. For example,
a piperazine ring is a large group that could not be accom-
modated in the small antibody binding cavity formed by the
amino group and five-membered ring of clinafloxacin. However,
ciprofloxacin shaped like a Y and the piperazine ring in
ciprofloxacin could form a larger antibody binding cavity, and
thus the larger antibody binding cavity should contribute to the
broad specificity of the corresponding antibody to cipfloxacin,
and in turn, the high specificity of clinafloxacin antibody would

Table 2. Models of the Minimum-Energy Conformations of the Quinolones from the Immunoassay for Pipemidic Acid and for
Clinafloxacinc

aHigh specificity means less than 3 types of structurally related quinolones whose cross-reactivity values were over 15%. bBroad specificity means
that most of the structurally related quinolones had cross-reactivity values of over 15%. cElements represented as follows: oxygen, red; nitrogen, navy
blue; hydrogen, light blue; fluorine, green; carbon, white; sulfur, yellow.
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also be understandable. The previous study of clinafloxacin
also showed that all of the CRs for structurally related quinolones
were lower than 15% (Table S5).21

In addition, when comparing the contour maps of gatifloxacin,
lomefloxacin, and (S)-(−)-ofloxacin (Figure 4c,d,f), we found
that the group at position 8 of gatifloxacin was larger and closer

Figure 4. CoMFA contour maps of clinafloxacin. (a−f) CoMFA steric contour maps together with (a) embedded clinafloxacin, (b) embedded
ciprofloxacin, (c) embedded gatifloxacin, (d) embedded lomefloxacin, (e) embedded (R)-(+)-ofloxacin, (f) embedded (S)-(−)-ofloxacin, and
(g) embedded sarafloxacin. (h−j) CoMFA electrostatic contour maps together with (h) embedded clinafloxacin, (i) embedded gatifloxacin, and
(j) embedded lomefloxacin. The energies of all fields were calculated with the weight of the standard deviation and the coefficient. Green, yellow,
blue, and red contours represent steric bulk desirable, steric bulk undesirable, positive charge desirable, and negative charge desirable, respectively.
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to the green contour than for that in (S)-(−)-ofloxacin.
However, the group at position 8 in (S)-(−)-ofloxacin was
larger and closer than those in lomefloxacin. This trend can be
ascribed to the highest activity of gatifloxacin (experimental
pIC50 = 6.076), followed by (S)-(−)-ofloxacin (experimental
pIC50 = 5.440), and lomefloxacin (experimental pIC50 = 4.828)
(Table S4).
The green contour at the bottom of the map interacted with

the methyl at the oxazine ring of (S)-(−)-ofloxacin, whereas the
methyl at the oxazine ring of (R)-(+)-ofloxacin was brought
near the yellow contour in the upper portion of the map
because of their opposite conformations (Figure 4e,f). This
reveals the mechanism that (S)-(−)-ofloxacin had a higher
binding affinity than (R)-(+)-ofloxacin. For the antibody
distinguishing the chiral isomer of quinolones, the bulky
group near the green contour at position 8 was found to play
a critical role. From a comparison of the CoMFA maps of
sarafloxacin and ciprofloxacin, the yellow contours near the
benzene ring of sarafloxacin indicate that the bulky group
at position 1 decreased the binding activity (Figure 4b,g).
Therefore, the activities of sarafloxacin (experimental pIC50 =
4.628) were lower than those of ciprofloxacin (experimental
pIC50 = 5.640) (Table S4). Because the yellow contours are
near the benzene ring of sarafloxacin, it is understandable that
the activity of sarafloxacin (experimental pIC50 = 4.628) was
lower, and the predicted pIC50 value of sarafloxacin in the test
set was lower than the experimental value (Table S4).
The electrostatic contour maps also reflected the molecular

binding affinity in the CoMFA model (Figure 4). The amino
group at position 7 in clinafloxacin near the blue contour was
a strong electron-donating group, whereas the groups of
gatifloxacin and lomefloxacin were weak electron-donating
groups. As a result, the binding activity of gatifloxacin or lom-
efloxacin was much lower than that of clinafloxacin, which is
consistent with the steric results described above. The confor-
mations of danofloxacin and tosufloxacin in the second group
were also shaped like the letter P, and as a result, similarly to
clinafloxacin, their antibodies also would show high-specificity
as clinafloxacin. This was confirmed in a previous study using
antidanofloxacin antibody (Table S5).32 The conformation of
tosufloxacin demonstrated a high similarity to that of clin-
afloxacin and could be a suitable hapten for the production of
highly specific antibody.
The third group consisted of 12 types of quinolones in this

study, all shaped like the Greek letter “Φ”, and it could
accordingly be predicted that their antibodies would be highly
specific; this was also confirmed by experiments (Table 2 and
Table S5).10,11,27,33−37 For example, ofloxacin contains a
substituent on the piperazine ring at position 7, and a previous
QSAR study showed that the green contour was near the
substituent, whereas two yellow contours were distributed on
the two sides of the piperazine ring.27 This implies that the
antibody could not recognize quinolones without a substituent
on the piperazine ring or with a substituent on another site of
piperazine ring. In addition, the experimental cross-reactivities
had already confirmed that only rufloxacin, garenoxacin, and
marbofloxacin had high cross-reactivity values (cross-reactivity
>15%).27 Therefore, it can be concluded that hapten quin-
olones shaped like an I, P, or Φ would result in an antibody
with low cross-reactivity and high specificity.
In the fourth group (Table 2), unlike the structures shaped

like the letters I, P, and Φ, all of the proposed compounds were
shaped like the letter Y or a lollipop. Their conformations could

be predicted to produce a large antibody binding cavity to
accommodate the piperazinyl group at position 7 (Table 2).
For example, pazufloxacin contained a 1-aminocyclopropyl
group at position 7 but not a piperazinyl group shared by many
quinolones. Both the amino and cyclopropyl groups around
position 7 of pazufloxacin formed a Y shape or a lollipop, and
the green contour also lay on both sides of position 7.26 This
implies that the resultant antibody to pazufloxacin would
broadly recognize other quinolones. In fact, the experimentally
identified pazufloxacin antibody with a high sensitivity and
broad specificity could recognize 24 quinolones, as expected
(Table S5).26 This is a broad specificty, but not a high specifi-
city, because pazufloxacin is not shaped like any of the three
conformations I, P, or Φ.
Ciprofloxacin is another good example for confirming

the three essential conformations for a high specificity.18

The piperazine ring at position 7 in ciprofloxacin is almost
perpendicular to the basic structure (Figure 4b and Table 2).
The conformation is shaped liked a lollipop, and thus the
ciprofloxacin antibody should be able to accommodate a large
group and demonstrated a broad specificity according to the
QSAR analysis above in this study. Actually, this was also
verified again by a previously reported monoclonal antibody
and a developed broad-specificity immunoassay for 12 quino-
lones (Table S5).18 The conformations of norfloxacin and
sarafloxacin in the fourth group were also like the letter Y and
were similar to that of ciprofloxacin. As a result, their antibodies
also would show broad specificity similarly to ciprofloxacin.
The numbers of structurally related quinolones of norfloxacin
and sarafloxacin whose cross-reactivity values were over 15%
were 13 and 10, respectively (Table S5).9,31

Therefore, it can be concluded that a shape like the letter I,
P, or Φ is the essential conformational feature of a quinolone
hapten used to produce an antibody with high specificity,
whereas the conformation of a quinolone hapten with a Y shape
(or a lollipop) could be used to produce antibodies with broad
specificity.

■ CONCLUSIONS
In summary, 3D QSAR studies were performed to investigate
the molecular recognition between the antibody and quinolone
drugs. The CoMFA model revealed that quinolones shaped like
the letters I, P, and Φ formed flat conformations that could not
accommodate large groups, and thus, the resultant antibodies
would have high specificity. In contrast, the hapten confor-
mations shaped like the letter Y lead to antibodies with broad
specificity and high cross-reactivity. Almost all of the antibodies
against quinolone could result from these four hapten
conformations. This finding is the first time to systemically
and effectively elucidate and predict the high specificity of
quinolone antibodies. It will be of significance for accurate hapten
design, predictable antibody specificity, and better understanding
of the recognition mechanism of haptens and specific antibodies.
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