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ABSTRACT

The trade-off between affinity and specificity in molecular recognition elements (MREs), including anti-
bodies, protein receptors, and aptamers, represents a well-documented challenge. Achieving MREs that
combine high affinity with fine specificity is particularly difficult when targeting structurally similar ana-
lytes. To address this limitation, we propose a novel ligand- and receptor-based rational hapten design
(LRRHD) strategy to regulate the generation of monoclonal antibodies (mAbs) exhibiting both high affin-
ity and fine specificity, using sulfonamides (SAs) as model target analytes. This strategy enabled the iden-
tification of several novel haptens containing rigid spacer arms and led to the generation of mAb 10E6,
which unexpectedly exhibited half-maximal inhibitory concentration values ranging from 0.23 to
20 pg-L~! across 29 tested SAs. The molecular recognition mechanisms underlying 10E6 binding were
elucidated through crystal structure determination and molecular dynamics (MD) simulations. The
results revealed that the extended complementarity determining region 3 of the heavy chain (CDRH3)
of 10E6 forms a broader and more flexible ligand-binding pocket, allowing accommodation of diverse
SAs with high affinity. In addition, mAb 10E6 was applied in an immunoassay, demonstrating limits of
detection ranging from 0.29 to 4.7 pg-kg™! in skimmed milk and chicken samples. This study presents
an effective rational hapten design strategy to mitigate the affinity/specificity trade-off and provides
new insights into antibody discovery and vaccine development targeting small molecules.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

as they play a critical role in determining assay sensitivity and
specificity. However, a persistent challenge associated with MREs

Molecular recognition-based detection technologies have been is the intrinsic trade-off between affinity and specificity toward

widely applied across diverse fields, including life sciences, clinical
diagnostics, food safety, and environmental monitoring [1-3].
Molecular recognition elements (MREs)—such as antibodies, pro-
tein receptors, and aptamers—are central to these technologies,
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target analytes [4,5]. This issue becomes particularly pronounced
when detecting classes of structurally related compounds, such
as sulfonamides (SAs), B-lactams (B-Ls), quinolones (QNs),
organophosphorus pesticides (OPs), and polycyclic aromatic
hydrocarbons (PAHs). Nevertheless, simultaneous detection of
analyte classes requires both high affinity and fine specificity to
ensure consistent recognition within the target group and to min-
imize cross-reactivity (CR) with unrelated compounds, thereby
preserving the analytical accuracy of the developed methods.
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Despite advances in MRE-based detection technologies, current
MREs remain unable to fully overcome the affinity/specificity
trade-off. For example, although antibodies typically exhibit high
affinity, their binding affinities toward structurally similar com-
pounds can vary substantially [6]. In our previous work, the mon-
oclonal antibody (mAb) 4D11 was generated and shown to
recognize 26 SAs with half-maximal inhibitory concentration
(ICsp) values ranging from 1.2 to 11 000 pg-L™!, corresponding to
an affinity gap of 9500-fold [7]. Similarly, other mAbs against
SAs, OPs, or PAHs exhibited ICsq values at the ug-L™! level, with
affinity gaps of approximately 100-fold (Table S1 in Appendix A)
[8-10]. In contrast, protein receptors and enzymes used for
multi-analyte recognition in bioassays tend to recognize struc-
turally similar analytes more uniformly, but generally with lower
affinity [11]. In our previous studies, penicillin-binding proteins
were successfully applied in microplate assays for B-Ls screening
[12,13]. Building on this work, dihydropteroate synthase (DHPS)
was employed in biosensors for the simultaneous recognition of
at least 29 SAs, yielding ICso values ranging from 4.9 to
108 pg-L~! and an affinity gap of 22-fold [14,15]. A similar study
reported that a QN-binding protein receptor recognized eight
QNs with ICso values between 27 and 58 pg-L~!, exhibiting only
a two-fold affinity gap but markedly lower overall affinities com-
pared with antibodies [16]. Furthermore, aptamers targeting SAs,
QNs, and OPs generally displayed low binding affinities in the
micromolar range or exhibited limited recognition spectra
(Table S1) [17-20]. Consequently, the affinity/specificity trade-off
of MREs is widely acknowledged, and the discovery of MREs com-
bining high affinity with fine specificity remains a formidable
challenge.

Among the available MREs, antibodies—owing to their high
affinity, structural diversity, and adaptability—represent the most
promising candidates for overcoming the affinity/specificity
trade-off. In this study, we sought to develop antibodies exhibiting
both high affinity and fine specificity through a rational hapten
design strategy, using SAs as target analytes. SAs are a class of syn-
thetic antimicrobial agents with numerous variants and are widely
used for prophylactic and therapeutic purposes in humans and
food-producing animals. Owing to their broad-spectrum efficacy
and cost-effectiveness, SAs accounted for 9.4% of total veterinary
medicines consumed in food-producing animals across 31
European countries in 2022 [21]. In addition, SAs have been fre-
quently detected in livestock products and aquatic environments
at concentrations ranging from pg-kg™! to g-kg~! [22,23]. Sulfadi-
azine (SDZ), sulfadimethoxine (SDM), sulfapyridine (SPY), sul-
famethazine (SMZ), and sulfamonomethoxine (SMM) are among
the most commonly detected SAs in pork, chicken, and fish sam-
ples [23-25]. Improper use of veterinary drugs, whether above or
below recommended levels, can pose short- or long-term public
health risks, including the emergence of resistant microorganisms,
toxicity, allergic reactions, mutagenesis, teratogenicity, and car-
cinogenicity [26]. Accordingly, most countries—including China,
the United States, and members of the European Union—have
established maximum residue limits (MRLs) for SAs in food, rang-
ing from 10 to 100 pg-kg™' [27-31]. The development of SA anti-
bodies combining high affinity with fine specificity is therefore
essential for effective monitoring of multiple SA residues.

The first and most critical step in developing antibodies against
small molecules is hapten design. SAs share a common p-
aminobenzenesulfonamide moiety and differ at the N! position,
where various R substituents are present (Fig. S1 in Appendix A).
To date, two major classes of SA haptens have been reported
(Table S2 in Appendix A). The first class exposes the characteristic
structure of individual SAs to the immune system and is typically
referred to as specific haptens. These haptens are directly conju-
gated through the aromatic primary amino group at the N* posi-
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tion—either without a spacer arm (subclass 1), such as
sulfanilamide (SN) [32], phthalylsulfathiazole (PST) [33,34],
sulfaguanidine (SG) [7], and sulfamethoxazole (SMX) [7], or with
a spacer arm (subclass 2), as exemplified by S7 [34], S8 [34], SA3
[35], SA4 [35], SA5 [35], and SA6 [35] (Table S2). Although antibod-
ies elicited by these haptens can exhibit high specificity toward
their corresponding SAs, they often lack the fine specificity
required for broad recognition across structurally diverse SAs [7].
The second class comprises generic haptens that expose the com-
mon aromatic amine group to the immune system while employ-
ing conjugation through the variable R group at the N! position. As
summarized in Table S2, 21 generic SA haptens have been reported
and can be categorized into three subclasses. The first subclass
includes single-ring haptens lacking an R substituent, such as BS
[7,36-38], HS [7,8,36,37,39-41], SA1-CH,- [36], and SA2 [35],
which have been considered promising candidates for generating
broad-specific antibodies [36]. However, previous studies demon-
strated that these haptens fail to elicit antibodies combining high
affinity with broad specificity [42]. The second subclass consists
of two-ring haptens, including CS [7,8,32,33,36,37,39,41,43-46],
S9 [34,35], SA10 [7,8,35,40], S4 [33,34,36,37,45], SA1 [35], S5
[35], H1-Z [8,45], S7-C [8], TS [7,8,32-34,37,41,43,47-49], and
SA10-X [42]. As summarized in Table S3 in Appendix A, mAb
4E5 elicited by hapten H1-Z [45], mAb 3D1 from hapten S5 [8],
and the mAb generated from hapten SBA-L [46] exhibited rela-
tively higher affinity and broader specificity. Nevertheless, these
haptens remain insufficient to fully overcome the affinity/speci-
ficity trade-off. The third subclass comprises three-ring haptens,
such as PS [32,48-50] and H2 [39,40]. Although the benzene ring
also functions as a rigid spacer arm, antibodies raised against PS
[32,48,50] and H2 [39,40] (Table S2) did not display the anticipated
affinity and specificity. Despite extensive efforts involving diverse
hapten designs, challenges such as low affinity and unexpected
specificity of SA antibodies persist.

A key limitation in effective hapten design arises from conven-
tional ligand-based strategies, in which hapten structures typically
mimic only the two-dimensional (2D) or three-dimensional (3D)
conformations of SAs, often neglecting receptor-based information
that is critical for eliciting broadly specific antibodies [51]. Our pre-
vious study comparing the structural features of mAbs 4C7 and
4D11 with DHPS demonstrated that the intrinsic difficulty in gen-
erating broadly specific antibodies stems from the diverse orienta-
tions, stereochemical configurations, and electronic properties of
the R group at the N! position across different SAs [6]. Therefore,
incorporating detailed receptor information—including that
derived from mAbs and protein receptors—into rational hapten
design holds significant promise for developing more effective
haptens.

In this study, we propose a novel ligand- and receptor-based
rational hapten design (LRRHD) strategy, which enabled the dis-
covery of four novel haptens and the generation of mAbs exhibiting
both high affinity and fine specificity. Furthermore, the molecular
recognition mechanisms of the mAb were elucidated through crys-
tal structure determination, molecular docking, and molecular
dynamics (MD) simulations. The performance of the mAb was fur-
ther validated by developing a mAb-based immunoassay, demon-
strating its effectiveness for detecting multiple SA residues in
real samples.

2. Methods
2.1. Geometry optimization and molecular cluster of SAs

The low-energy conformations of all SAs and the haptens conju-
gated with lysine were optimized using density functional theory
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(DFT) at the def-TZVP level with the M06-2X hybrid functional, as
implemented in Gaussian 09 (Gaussian, Inc., USA). Vibrational
analysis at the M06-2X/def-TZVP level confirmed the absence of
imaginary frequencies, indicating that all optimized structures cor-
respond to true minima. 3D molecular structures were visualized
using CYLview (Legault, Canada). Molecular alignment based on
the shared p-aminobenzenesulfonamide moiety was performed
in SYBYL-X (Certara, USA). Quantitative analysis of electrostatic
potentials (ESPs) was performed using Multiwfn (Beijing Kein
Research Center for Natural Sciences, China), and ESP surfaces were
visualized with VMD (University of Illinois at Urbana-Champaign,
USA).

After optimizing low-energy SA conformations, the C(aryl)-S-
N-C torsion angles were calculated using GaussView. The
torsion-angle dataset for the 29 SAs was then subjected to unsu-
pervised clustering analysis to identify representative conforma-
tional patterns. K-means clustering was performed using the
K-means algorithm implemented in the scikit-learn package.
The optimal number of clusters (K) was selected based on the
Calinski-Harabasz index evaluated over a range of K values.

2.2. Preparation and identification of haptens and conjugates

Hapten H1 was synthesized in five reaction steps via an addi-
tion reaction between SDZ and 4-pentynoic acid (Fig. S2 in Appen-
dix A). Detailed synthesis procedures are provided in the Appendix
A. 'H NMR (400 MHz, DMSO-dg) 6 2.50 (m, 2H, -CH,CH,COOH),
2.63 (t, J = 7.2 Hz, 2H, -CH,COOH), 6.04 (s, 2H, -NH;), 6.55 (d,
J = 8.8 Hz, 2H, -CHar), 7.59 (d, J = 8.4 Hz, 2H, -CHar), 8.50 (s, 2H,
—CHar), 11.59 (s, br, 1H), 12.42 (s, br, 1H). '3C NMR (100 MHz,
DMSO-dg) 6 15.32 (-CH,COOH), 33.25 (-CH,CH,COOH), 74.73
(-CCCH,CH,COOH), 94.93 (-CCH,CH,COOH), 112.63 (-Car),
112.89 (-Car), 124.97 (-Car), 130.32 (-Car), 153.65 (-Car), 155.88
(-Car), 160.41 (-Car), 173.26 (-COOH).

Hapten H2 was synthesized de novo in nine reaction steps
(Fig. S3 in Appendix A). Detailed synthesis procedures are
provided in Appendix A. 'H NMR (400 MHz, DMSO-dg) o
1.33-1.41 (m, 2H, -CH,CH,CH,COOH), 1.52-1.59 (m, 2H, —CH,-
CH,COOH), 2.21-2.26 (m, 2H, -CH,CH,CH,CH,COOH), 2.29
(s, 6H, —CH3), 2.44-2.48 (m, 2H, -CH,COOH), 5.94 (s, 2H, -NH,),
6.54 (d, J = 8.8 Hz, 2H, -CHar), 7.63 (d, J = 8.4 Hz, 2H, -CHar),
11.42 (s, br, 2H, -NH, -COOH).

Hapten H3 was synthesized in four reaction steps (Fig. S4 in
Appendix A). Detailed synthesis procedures are provided in the
Appendix A. 'H NMR (400 MHz, DMSO-dg) & 1.47-1.48 (m, 4H,
-CH,CH,CH,COOH), 2.20 (t, J = 6.0 Hz, 2H, -CH,COOH), 2.45 (t,
J = 6.8 Hz, 2H, -CH,CH,CH,CH,COOH), 5.94 (s, 2H, -NH,), 6.54
(d, J = 8.8 Hz, 2H, -CHar), 7.01 (d, J = 8.8 Hz, 1H, -CHar), 7.49-
7.51 (m, 3H, -CHar), 7.94 (d, J = 1.2 Hz, 1H, -CHar), 11.40 (s, br,
2H, -NH, —~COOH). *C NMR (100 MHz, DMSO-ds) 6 23.87 (-CH,-
CH,COOH), 29.91 (-CH,CH,CH,COOH), 30.78 (-CH,CH,CH,CH,-
COOH), 33.31 (-CH,COOH), 111.82 (-Car), 112.37 (-Car), 125.65
(-Car), 128.77 (-Car), 130.74 (-Car), 138.53 (-Car), 145.78 (-Car),
150.28 (-Car), 152.62 (—Car), 174.31 (-COOH).

Hapten H4 was synthesized in five reaction steps (Fig. S5 in
Appendix A). Detailed synthesis procedures are provided in the
Appendix A. 'TH NMR (400 MHz, DMSO-dg) & 1.42-1.51 (m, 4H,
-CH,CH,CH,COOH), 2.22 (t, J = 7.2 Hz, 2H, -CH,COOH), 2.28 (s,
3H, -CH3), 2.42 (t, J = 7.2 Hz, 2H, -CH,CH,CH,CH,COOH), 5.89 (s,
2H, -NH,), 6.54 (d, J = 8.8 Hz, 2H, -CHar), 6.87 (d, J = 8.4 Hz, 1H,
-CHar), 7.39 (d, J = 8.4 Hz, 1H, -CHar), 7.50 (d, J = 8.8 Hz, 2H,
—CHar), 11.52 (s, br, 2H, -NH, -COOH). '*C NMR (100 MHz,
DMSO-dg) 6 19.86 (-CH3), 24.13 (-CH,CH,COOH), 28.79 (-CH,CH,-
CH,CH,COOH), 30.23 (-CH,CH,CH,COOH), 33.35 (-CH,COOH),
109.55 (-Car), 112.27 (-Car), 126.43 (-Car), 127.39 (-Car), 128.76

302

Engineering 63 (2026) 300-315

(-Car), 139.71 (-Car), 150.30 (-Car), 151.81 (-Car), 152.37 (-Car),
174.32 (-COOH).

Subsequently, the N-hydroxysuccinimide (NHS) ester method
was used to covalently conjugate the terminal carboxylic acid
group of each hapten to carrier proteins, following our previously
published protocol [52]. Hapten-keyhole limpet hemocyanin
(KLH) bioconjugates were used as immunogens for antibody pro-
duction, whereas hapten-bovine serum albumin (BSA) conjugates
served as coating antigens for assay development. Hapten-BSA
bioconjugates were characterized by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry. Hapten density,
defined as the number of hapten molecules per mole of carrier pro-
tein, was calculated using Eq. (1):

Conjugation ratio = (M (conjugates) — M (BSA))/M (haptens)
(1)

where M (conjugates) is the measured molecular weight of the
BSA hapten conjugate, M (BSA) is the molecular weight of
unmodified BSA, and M (haptens) is the molecular weight of
the hapten molecule. The conjugation ratio thus represents the
average number of hapten molecules covalently attached per
BSA molecule.

2.3. mAbs production and characterization

Standard immunization procedures were followed as
described in our previous publication and detailed in the Appen-
dix A [52]. Briefly, blood samples were collected from each mouse
on day 7 after the second and fourth immunizations via the retro-
orbital venous plexus, with careful handling. Mice exhibiting high
serum sensitivity (i.e., ICso) and broad specificity (i.e., wide CR)
toward the 29 SAs were screened by enzyme-linked immunosor-
bent assay (ELISA) using ten different coating antigens, as
described below.

Three days before cell fusion between splenocytes and SP2/0
myeloma cells, the selected mice were boosted intraperitoneally
with hapten-KLH without adjuvant. Hybridoma cell lines produc-
ing mAbs with high sensitivity and broad specificity toward the
29 SAs were isolated using conventional hybridoma technology
assisted by ELISA, as described in our prior work [52]. mAbs were
harvested from mouse ascites and purified by protein G affinity
chromatography using an AKTA pure protein purification system.
Antibody isotypes were determined using an isotyping ELISA kit.
The ICso and CR values of the mAbs generated in this study were
determined by ELISA and compared with those of previously
reported antibodies and DHPS. In addition, the effects of different
competitive haptens on antibody specificity were assessed by
ELISA using different SA coating antigens, with mAb 10E6 used
as a model system.

2.4. Fab 10EG6 preparation, crystallization, structure determination,
and refinement

The variable-region genes of mAb 10E6 were obtained using
previously reported methods with minor modifications [53].
Briefly, total RNA was extracted from hybridoma cells and
reverse-transcribed into complementary DNA (cDNA) using pri-
mers listed in Table S4 in Appendix A. The heavy-chain (VH) and
light-chain (VL) variable-region genes were then amplified by
polymerase chain reaction. The resulting sequences were analyzed
using the abYsis web-based platform for antibody sequence
analysis.

Ascites containing mAb 10E6 was centrifuged at 13 670g for
10 min, and the clarified supernatant was collected. The ascites
was then diluted threefold with phosphate-buffered saline (PBS)
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buffer (10 mmol-L™!, pH 7.4), filtered through a 0.22 pm mem-
brane, and centrifuged again at 13 670g for 30 min. Antibody
purification was performed using a protein A affinity chromatogra-
phy column on an AKTA pure protein purification system.

Fab 10E6 fragments were generated using the Pierce™ Fab Micro
Preparation Kit. Briefly, purified mAb 10E6 was digested in a
papain-immobilized column. The digestion mixture was then
applied to a protein A column to remove undigested immunoglob-
ulin G (IgG) and fragment crystallizable (Fc) fragments, thereby
isolating and purifying Fab 10E6 from the flow-through.

Fab 10E6 was adjusted to 20 mg-mL~!, and initial crystallization
screening was performed at 293.0 K using the sitting-drop vapor
diffusion method. Commercial screening kits, including Crystal
Screen, Crystal Screen 2, PEGRx 1, PEGRx 2, SaltRx 1, SaltRx 2,
and Index (Hampton Research, USA), were used. After initial
screening, crystallization conditions were optimized using the
hanging-drop vapor diffusion method. For each condition, 24-
well plates were prepared with reservoir solutions. Protein and
reservoir solutions were mixed at a 1:1 (v/v) ratio and placed on
siliconized coverslips, which were inverted over the wells, sealed,
and incubated at 293 K.

Diffraction data were collected from well-formed Fab 10E6
crystals. Crystals were harvested with a nylon loop and transferred
to a cryoprotectant containing 15% (v/v) glycerol before mounting
on the X-ray diffractometer. The crystal was oriented to maximize
diffraction quality, and data collection parameters (including col-
lection angles, diffraction intensity, and exposure time) were opti-
mized based on the determined space group. Diffraction data were
processed using HKL2000. Initial phases were obtained using PHA-
SER by molecular replacement, guided by comparison with the Fab
10E6 amino acid sequence. Structural models were built and iter-
atively refined using COOT, REFMAC, and PHENIX. Model valida-
tion and quality assessment were performed using PROCHECK.

2.5. Molecular docking and MD simulations

Antibody-ligand complexes were generated using the
CDOCKER module in Discovery Studio (DS), and the optimal bind-
ing pose for each complex was selected based on the lowest bind-
ing free energy. The selected complexes were subjected to MD
simulations using GROningen MAchine for Chemical Simulations
(GROMACS) with the Amber14SB force field and the transferable
intermolecular potential with 3 points (TIP3P) water model. Sol-
vated systems were energy-minimized using 5000 steps each of
the steepest descent and conjugate gradient methods. A 2 ns
position-restrained MD simulation was then performed under both
NVT and NPT ensembles. Production MD simulations were subse-
quently conducted for 100 ns at 310 K and 1 atm with all restraints
removed. Binding free energies were calculated using the
gmx_MMPBSA toolkit based on the mmpsa.py script. Antibody-
ligand complexes were visualized in DS, and corresponding 2D
interaction diagrams were also generated in DS. The solvent-
accessible surface area (SASA) and volume of the ligand-binding
pockets of mAbs 4C7 and 10E6 were calculated using CASTpFold
[54]. The normalized B-factor (Bnorm) Was defined as Bpom(i) =
(B(i) — u_B) o_B, where B(i) represents the Co B-factor of residue
i, u_B is the mean B-factor of the structure, and o_B is the corre-
sponding standard deviation. Residues with Byorm > 1 were consid-
ered highly flexible, whereas those with By, > 2 were classified as
significantly flexible outliers.

2.6. Development and optimization of ELISA
Established workflows and commonly used buffer systems for

indirect competitive ELISA (icELISA) targeting small molecules
were adopted from previously published protocols [52]. In this
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study, key assay parameters were optimized using SMZ as the
model analyte. These parameters included coating temperature,
incubation time, pairing of the coating antigen with mAb 10ES6,
and the working concentrations of both antigen and antibody.
Physicochemical properties of the assay buffer, including pH and
ionic strength, were also systematically optimized. The effects of
organic solvents, including methanol and acetonitrile, on anti-
gen-antibody binding interactions were evaluated to determine
solvent tolerance.

2.7. Sample preparation

SA-free skimmed milk and chicken samples were obtained
from the National Reference Laboratory for Veterinary Drug Resi-
dues (China). For milk analysis, 1 mL of skimmed milk was
diluted with 4 mL of PBS buffer (10 mmol-L™!, pH 7.4). For
chicken samples, 2 g of homogenized tissue was placed in a clean
centrifuge tube, followed by the addition of 10 mL PBS buffer. The
mixture was vortexed for 10 min and centrifuged at 3500g for
10 min. The supernatant was collected and further diluted 1:1
with PBS before analysis. To evaluate recovery and variability of
the sample preparation method, five commonly used SAs (SDZ,
SMM, SMX, SMZ, and SQX) were spiked into blank milk and
chicken samples at three concentration levels (low, medium,
and high). The limits of detection (LODs) for each SA in milk
and chicken were calculated as Xy + 3SD, where X,q is the mean
signal from 20 blank samples and SD is the corresponding stan-
dard deviation.

3. Results
3.1. Ligand- and receptor-based rational hapten design

To address the affinity/specificity trade-off commonly encoun-
tered in MREs, we established an LRRHD strategy to design novel
haptens and generate mAbs that exhibit both high affinity and fine
specificity toward SAs. As illustrated in Fig. 1, the LRRHD strategy
integrates ligand- and receptor-based analyses of SAs and their
receptors. These analyses include ligand superposition, receptor
structural analysis, receptor-based 3D quantitative structure—
activity relationship (QSAR) analysis, and spacer arm analysis.
Guided by these insights, novel haptens were rationally designed
and further evaluated using computational chemistry approaches.
Finally, the designed haptens were validated through animal
immunization, mAb production, recognition mechanism analysis,
and real-sample application.

Specifically, we first calculated the low-energy conformations of
29 SAs using DFT and performed structural superimposition using
SN as the reference template (Fig. 2(a)). Overall, beyond differences
in molecular structures, the main variations observed in the super-
impositions were attributable to differences in the torsion angles
of the C(aryl)-S-N-C backbone of SAs. Torsion angle-based
K-means clustering analysis indicated that the 29 SAs could be
classified into six structural categories (Fig. 2(b), Fig. S6 and
Table S5 in Appendix A). Sulfanitran (SNT), which bears sub-
stituents at both the N! and N* positions, was assigned to the first
group and exhibited the smallest C(aryl)-S-N-C torsion angle
(54.8°) (Fig. 2(c)). Most SAs clustered into the second major group,
comprising 21 compounds with high conformational similarity and
torsion angles ranging from 74.1° to 83.5°. For example, sulfamer-
azine (SMR) displayed a torsion angle of 78.3° (Fig. 2(d)). Sulfisox-
azole (SIZ) (Fig. 2(e)) and sulfaphenazole (SPA) clustered into the
third group, with torsion angles of 91.9° and 95.7°, respectively.
As shown in Fig. 2(f), SG exhibited a torsion angle of 204.5° and
was placed in the fourth group. Subsequently, sulfacetamide
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Fig. 2. (a) Superposition of the lowest-energy conformers of SAs. (b-h) Classification of SAs into six groups based on the C(aryl)-S-N-C torsion angle. Among these, 21 of the
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(SAM), sulfabenzamide (SBA) (Fig. 2(g)), and sulfamoxole (SXL)
exhibited torsion angles ranging from 272.4° to 295.1°, placing
them in the fifth group. Finally, SN (Fig. 2(h)), which lacks sub-
stituents at the N position and therefore does not have a defined
C(aryl)-S-N-C torsion angle, was categorized into the sixth group.
Accordingly, selecting hapten templates from the second torsion
angle group was expected to maximize the broad specificity of
the resulting antibodies toward SAs.

In addition, our previous 3D-QSAR analysis indicated that bulky
R groups were less favorable for binding [6], suggesting that two-
ring haptens bearing benzene, pyridine, pyrimidine, or thiazole
rings without additional substituents are more suitable templates
for generating high-affinity, broad-specificity antibodies
(Table S2). However, the 3D-QSAR analysis also showed that steric
and electrostatic fields contributed nearly equally to antibody
recognition. This finding indicates that R group selection should
simultaneously account for electrostatic differences—such as those
between pyridine and pyrimidine rings—and steric effects, includ-
ing the presence or absence of small substituents such as methyl
groups.

Furthermore, structural information from SA-binding recep-
tors—including mAbs 4C7 and 4D11 and DHPS from our previous
study [6]—was incorporated to guide rational hapten design. Anal-
ysis of the crystal structure of the antigen-binding fragment (Fab)
complex of 4C7 with sulfathiazole (STZ) (Protein Data Bank (PDB)
ID: 5CP3) revealed hydrogen bonding and hydrophobic interac-
tions between the thiazole ring (R group) of STZ and mAb 4C7.
Compared with DHPS, mAbs 4C7 and 4D11 displayed distinct dis-
sociation and association rate constants across different SAs [6],
indicating that the R group plays a major role during recognition.
These observations suggest that the R group is the most critical
structural feature in hapten design for determining the affinity
and broad specificity of the resulting antibodies. Based on inte-
grated ligand- and receptor-based analyses, SDZ, SMZ, and SPY—
which belong to the second torsion angle class and exhibit appro-
priate molecular size and distinct electrostatic field distributions—
were selected as primary templates for hapten design.

The spacer arm length, structure, and coupling site were also
designed rationally. According to the hypothesis proposed by
Muldoon et al. [44] and Wang et al. [7], the N* terminus of the
hapten should be exposed to the immune system to produce
broad-specific antibodies against SAs. A medium-length valeric
acid spacer arm has commonly been incorporated into the R group
to facilitate conjugation to carrier proteins [55]. Moreover, increas-
ing hapten rigidity has been reported to promote the initial binding
and activation of B cell receptors (BCRs), thereby inducing strong
antibody responses and improving antibody performance [56].
Therefore, we designed a 4-pentynoic acid group as a rigid spacer
arm expected to enhance antibody performance. Based on the
LRRHD strategy, four haptens were rationally designed and desig-
nated H1, H2, H3, and H4 (Fig. 3(a)). Hapten H1 was designed from
the SDZ template with a rigid 4-pentynoic acid spacer arm. Hapten
H2 was derived from the SMZ template and incorporated two
methyl substitutions and a valeric acid spacer arm. Haptens H3
and H4 were designed from the SPY template with valeric acid
spacer arms; notably, H4 included a methyl modification on the
pyridine ring to increase structural diversity.

To evaluate the conformational behavior of haptens when con-
jugated to carrier proteins, we constructed and simulated the
lowest-energy conformers of hapten-lysine (LYS) conjugates,
because lysine residues represent the primary conjugation sites
on carrier proteins [57]. As shown in Fig. 3(b), the spacer arms
and carboxyl groups of H1-LYS, H2-LYS, H3-LYS, and H4-LYS
did not fully overlap; nevertheless, their overall orientations were
similar. The C(aryl)-S-N-C torsion angles of these hapten-LYS
conjugates ranged from 74.1° to 83.5° (Table S5), showing no nota-
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ble deviation from those of their parent drugs (SDZ, SMZ, and SPY).
In addition, atom 2 in H1-LYS and H2-LYS was a nitrogen (N) atom
carrying a negative charge (Fig. 3(c), Table S6 in Appendix A),
whereas in H3-LYS and H4-LYS, atom 2 was a carbon (C) atom,
resulting in a lower absolute atomic charge than in H1-LYS and
H2-LYS. These results indicate that the designed haptens possess
distinct electrostatic properties, which may contribute to the
induction of different antibody responses toward SAs.

Comparative analysis of atoms 3, 5, and 6 among the four hap-
ten-LYS conjugates further indicated that methyl substitution on
the R group altered both steric and electrostatic fields. Fig. 3(d)
shows the molecular ESP distributions of these conjugates. Nota-
bly, surface minima of —8.27 and —12.69 kcal-mol~! were observed
near the spacer arm of H1-LYS, whereas positive surface maxima
were observed in the other conjugates. When methyl groups were
introduced on the pyrimidine ring, the ESP near the ring decreased
from 7.05 kcal-mol™! in H1-LYS to —0.88 and —4.32 kcal-mol~! in
H2-LYS. A similar trend was observed for the pyridine-based con-
jugates, with ESP values decreasing from —7.44 kcal-mol~' in H3-
LYS to —9.43 kcal'mol~' in H4-LYS. These results indicate that dif-
ferences between pyridine and pyrimidine rings, as well as the
presence or absence of methyl substituents, substantially influ-
enced the ESP of the conjugates. Collectively, the optimized confor-
mations, charges from ESPs using a grid-based method (CHELPG),
and ESP analyses confirm the successful design of the novel hap-
tens from structural and electronic perspectives.

3.2. Deliberate synthesis of novel haptens and hapten-carrier
conjugates

In this study, hapten H1 was synthesized via an addition reac-
tion between SDZ and 4-pentynoic acid (Fig. S2). Hapten H2 was
synthesized de novo by first preparing 4,6-dimethylpyrimidin-2-
amine, followed by conjugation with a spacer arm to obtain ethyl
5-(2-amino-4,6-dimethylpyrimidin-5-yl)pentanoate.  After an
addition reaction between N-acetylsulfanilyl chloride and ethyl
5-(2-amino-4,6-dimethylpyrimidin-5-yl)pentanoate, the target
product was obtained through a total of nine steps (Fig. S3). For
the synthesis of the two-ring haptens containing the common
paminobenzenesulfonamide moiety, H3 (Fig. S4) and H4
(Fig. S5), the protocols were similar to those used for hapten S4
[33] (Table S2), with two additional steps. The chemical struc-
tures of the four haptens were confirmed by 'H and '3C nuclear
magnetic resonance spectra and are presented in Figs. S7-S10
in Appendix A.

The haptens were then conjugated to KLH and BSA using the
NHS ester method, and the hapten-BSA conjugates were analyzed
by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. The results showed an obvious mass shift of the
BSA peak after conjugation with haptens, confirming successful
coupling to the carrier proteins (Fig. S11 in Appendix A). According
to Eq. (1), the conjugation ratios of H1-BSA, H2-BSA, H3-BSA, H4-
BSA, BS-BSA, HS-BSA, SA10-BSA, TS-BSA, CS-BSA, and SA10-X-
BSA were 13.1, 12.0, 11.5, 13.0, 14.3, 13.8, 12.3, 11.8, 11.5, and
12.2, respectively (Table S7 in Appendix A). The chemical struc-
tures of the SA haptens BS, HS, SA10, TS, CS, and SA10-X were pre-
pared previously and are listed in Table S2.

3.3. Characterization of antisera and mAbs to SAs

To evaluate the designed haptens and generate antibodies
against SAs, the H1-KLH, H2-KLH, H3-KLH, and H4-KLH conju-
gates were used for immunization, following the detailed proce-
dures described in the Appendix A. The performance of antisera
collected after the third immunization was evaluated by ELISA.
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Fig. 3. (a) Chemical structures of the designed haptens H1, H2, H3 and H4. (b) Superposition of the lowest-energy conformers of H1-LYS, H2-LYS, H3-LYS, and H4-LYS.
(c) Calculated atomic charges (charges from ESPs using a grid-based method (CHELPG)) of atoms in H1-LYS, H2-LYS, H3-LYS, and H4-LYS. (d) Molecular ESP analysis for
H1-LYS, H2-LYS, H3-LYS, and H4-LYS. Negative regions are shown in red, and positive regions in blue. Surface minima and maxima are indicated by cyan and orange spheres,

respectively.

Inhibition rates were calculated for 29 SAs using concentrations of
100 pg-L~! for single-ring SAs and 50 pg-L~!' for two-ring SAs;
higher inhibition rates indicate higher antibody affinity toward
SAs. Initially, ten coating antigens (hapten structures listed in
Fig. S1) were used in ELISA to evaluate antisera from mice. Among
these coating antigens, SA10-BSA for antisera elicited by SAPM-
KLH, BS-BSA for antisera elicited by SADMPM-KLH, TS-BSA for
antisera elicited by SAPY-KLH, and BS-BSA for antisera elicited
by SAMPY-KLH were selected as optimal coating antigens because
the highest inhibition rates were obtained with these competitive
antigens.

As shown in Fig. 4(a), antisera derived from hapten H1 exhib-
ited higher inhibition rates against 14 SAs, with mean inhibition
values exceeding 50%. These SAs included two-ring SAs containing
a five-membered ring (e.g., STZ and SXL); SAs containing a six-
membered pyridine ring (e.g., SPY); SAs containing a six-
membered pyridazine ring, including sulfachloropyridazine (SCP),
sulfamethoxypyridazine (SMP), and sulfaethoxypyridazine (SEP);
SAs containing a quinoxaline ring (e.g., sulfaquinoxaline (SQX));
and SAs containing a six-membered pyrimidine ring, including
SMM, sulfisomidine (SIM), SDM, SDZ, sulfamethoxydiazine
(SMD), SMR, SMZ, and sulfabromomethazine (SBM). Antisera
derived from hapten H2 showed a recognition profile broadly sim-
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ilar to that of H1-derived antisera but exhibited overall lower inhi-
bition rates, with ten SAs showing mean inhibition values above
50%. Compared with H2, hapten H1l-—containing a rigid 4-
pentynoic acid spacer arm and lacking methyl substitution on
the pyrimidine ring—may therefore enhance antibody generation
in vivo. Antisera elicited by hapten H3, which contains a pyridine
ring, were highly specific to SPY, SMP, and SEP, with only three
SAs showing mean inhibition rates above 50%. In contrast, antisera
from hapten H4 showed improved recognition of ten SAs (STZ, SPY,
SCP, SMP, SEP, SQX, SMM, SDM, SDZ, and SMR), with inhibition
rates exceeding 50%. These results indicate that methyl substitu-
tion on the pyridine ring in H4 is a key structural determinant
enhancing recognition of SQX, SMM, SDM, and SMR.

However, all antisera showed relatively weak recognition of
single-ring SAs (e.g., SN, SAM, and SG); two-ring SAs containing a
five-membered ring (e.g., SPA, PST, and SIZ); and two-ring SAs con-
taining a six-membered ring (e.g., SBA, SNT, sulfasalazine (SSA),
sulfachlorpyrazine (SCY), sulfalene (SLE), and sulfadoxine
(SDM")). This observation supports our hypothesis that greater
similarity in spatial orientation between SAs and the designed hap-
tens improves antibody recognition. As shown in Fig. 2 and
Table S5, the C(aryl)-S-N-C torsion angles of SN, SAM, SG, SPA,
SIZ, SBA, and SNT differ markedly from those of the H1-LYS,
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Fig. 4. (a) Average performance of antisera elicited by four immunogens (H1-KLH, H2-KLH, H3-KLH, and H4-KLH) in mice. Concentrations of 100 pg-L~' were used for SN,
SAM, and SG, and 50 ug-L~! for other SAs. (b) Specificity (expressed as CR) and sensitivity (expressed as ICsp) of mAb 10E6 towards 11 representative SAs. Different

competitive haptens, including CS, SA10, H2, H4, H1, H3, and TS were used.

H2-LYS, H3-LYS, and H4-LYS conjugates. Consequently, antisera
elicited by immunogens H1-KLH, H2-KLH, H3-KLH, and H4-KLH
displayed relatively poor recognition of these SAs.

These results demonstrate that the structure of the immunizing
hapten is closely associated with the recognition capability of the
resulting antibody [56]. Haptens containing a pyrimidine ring con-
ferred higher affinity toward pyrimidine-containing SAs than
toward other SAs, whereas pyridine-containing haptens showed
enhanced affinity for pyridine-containing SAs. Substituents on
the six-membered heterocyclic ring of haptens also influenced
antibody recognition. For example, the methyl group in H4
improved recognition of SQX and certain SA analogs. Most impor-
tantly, hapten H1, which lacks methyl substitution on the pyrim-
idine ring but incorporates a rigid 4-pentynoic acid spacer arm,
markedly enhanced antibody affinity toward most SAs, including
the single-ring SAs examined in this study, yielding higher inhibi-
tion rates than those induced by the other three haptens. These
findings indicate that introducing a rigid 4-pentynoic acid spacer
arm in H1 plays a critical role in promoting effective antibody
induction in vivo.
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Within each immunization group, the mouse showing the high-
est inhibition rates against the greatest number of individual SAs
was selected for cell fusion. Five hybridoma clones were obtained
for mAb production: clones 10E6 and 7C3 from immunogen H1-
KLH, clone 4F5 from immunogen H2-KLH, clone 5F7 from
immunogen H3-KLH, and clone B2 from immunogen H4-KLH.
The resulting mAbs were classified as IgG2b(i) for 10E6 and 7C3,
IgG1(x) for 4F5 and 5F7, and IgG2a(}) for B2.

The affinity and specificity of the five mAbs toward SAs were
evaluated by ELISA. As shown in Table 1 [7,8,15,41,45,46], mAbs
10E6 and 7C3 elicited by hapten H1 exhibited the highest affinity
toward two-ring SAs containing a pyrimidine ring, with ICsq values
as low as the sub-parts per billion range (0.20-0.94 pg-L™!) for SDZ,
SMD, SMR, SMZ, and SBM, all of which belong to the second
torsion-angle cluster (Table S5). This result is consistent with our
previous finding that greater similarity in conformational and elec-
trostatic characteristics between SAs and haptens is associated
with stronger antibody affinity. Nevertheless, for SNT in the first
group, PST and SSA in the second group, and SPA in the third group,
bulky substituents at the N' or N* position resulted in lower
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Table 1
The ICsq values of SAs against the mAbs produced in this study and comparison with other antibodies and DHPS reported in the literatures®.
SAs ICso
10E6 7C3 4F5 5F7 B2 DHPS [15] 4C7 (7] 4D11 [7] 4E5 [45] Chen [41] 3D1 [8] Li [46]
The first group SAs
SNT 14 15 226 274 900 22 >50000 1.5 — 37.16 0.55 6.9
The second group SAs
SIM 1.6 24 3.5 111 9 7.4 1312 5.9 1.9 48 0.37 8.4
SQX 15 2 4 91 39 7.1 43 9.4 3.8 39 0.15 15
SMZ 0.94 0.79 3.1 98 495 9 14231 11 5.8 18.8 0.51 4.8
SBM 0.56 0.41 3.1 136 60 29 — — — — — 14
SMM 14 23 37 78 10 6.3 42 5.5 1.1 4.5 0.56 13
SMR 0.23 0.2 38 85 44 12 154 12 14 15 1.94 33
SDzZ 0.31 0.46 109 331 70 26 92 37 0.92 49 1.03 4
SDM 0.56 0.37 20 111 8.1 10 42 1.2 53 3.5 0.54 6.1
SLE 14 1.4 76 210 106 7.2 - - - 25 1.7 7.3
SMT 0.64 0.78 74 2922 7 5.6 0.62 571 39 0.08 3.1 4.1
SMX 2 2.9 117 272 15 11 2.7 6.6 25 0.15 2.2 0.85
SDM’ 3.7 3.7 109 217 217 54 >50000 364 0.52 — 1.2 8.2
STZ 2 2.9 117 272 15 11 2.7 6.6 25 0.15 22 0.85
SCP 6.6 6.9 38 130 33 8.1 31 22 7.3 0.39 0.74 0.19
SSA 17 18 238 373 1000 4.6 - — — 80.05 2.08 32
PST 20 26 205 203 1500 56 756 11419 - 60 0.39 44
SPY 7.9 8.1 117 10 25 53 53 43 >100 5.09 53 16
SCY 3 3.2 47 402 88 — - — — — — -
SMD 0.31 0.39 43 238 223 8.8 12 3.9 0.76 0.81 0.35 19
SMP 5 6.9 36 20 8.9 20 1.6 2.8 74 0.57 0.87 18
SEP 8.5 8.8 24 18 9.6 8.4 - — — — — 17
The third group SAs
Siz 2.5 4.2 85 1594 319 3 5423 1347 51 36 0.72 0.93
SPA 10 24 159 396 14 49 5210 330 — 28 2 15
The fourth group SAs
SG 20 23 >1000 >10000 440 14 12352 7668 >100 30 2 1.1
The fifth group SAs
SXL 0.61 0.58 34 50 126 7.9 15.1 2359 — 30 0.53 6.9
SBA 0.78 1.1 277 1644 >4000 6.7 8201 8774 — 26 2 3.2
SAM 9.6 15 >1000 >10000 2000 7.4 1590 4382 >100 141 1.9 3.6
The sixth group SAs
SN 20 20 >1000 >10000 >4000 31 >50000 8071 >100 90 2.1 0.18
Other analytes related to SAs
PABA >1000 >1000 >1000 >10000 >4000 2.5 — — >50000 — — —
SAU >1000 >1000 >1000 >10000 >4000 - >241.4 >50000 - - - -
TMP >1000 >1000 >1000 >10000 >4000 - >172.2 >50000 - - - -

PABA: para-aminobenzoic acid; SAU: uracil-5-sulfamic acid; TMP: trimethoprim; SMT: sulfamethizole.
3 Unit in ug-L~". The hyphen (—) corresponds to not detected. The SAs were sorted by the number of rings and then by the divided groups followed by the functional groups

at the N' position.

affinity, although ICsq values still remained around 20 pg-L~". Like-
wise, for single-ring SAs such as SN, SG (fourth group), and SAM
(fifth group), the molecular shapes did not align well with an anti-
body binding pocket generated against two-ring haptens, resulting
in ICs values also around 20 pg-L™'. For the remaining SAs, ICsq
values ranged from 0.58 to 8.8 pg-L~". Notably, despite the differ-
ent C(aryl)-S-N-C torsion angles of SIZ (third group), SBA, and
SXL (fifth group) relative to hapten H1, SIZ (ICsq, 2.5 pg-L™!), SBA
(ICso, 0.78 ug-L™"), and SXL (ICso, 0.61 pg-L™!) still bound tightly
to 10E6. This finding suggests that SA conformations can adjust
to fit the antibody binding site during recognition.

Compared with DHPS (Table 1), mAbs 10E6 and 7C3 showed
comparable specificity but exhibited a one- to two-order-of-
magnitude increase in affinity. Moreover, relative to other
mAbs—including 4F5, 5F7, and B2 (elicited by alternative haptens)
and previously reported antibodies—mAbs 10E6 and 7C3 demon-
strated superior affinity and broadened specificity, recognizing all
29 SAs at sensitivities meeting the 100 pg-kg™' requirement
(Table 1). In contrast, mAbs 4F5, 5F7, and B2 derived from haptens
H2, H3, and H4 recognized only 16, 8, and 16 SAs, respectively,
with ICsq values below 100 pg-kg~!. These results further support
that introducing a rigid 4-pentynoic acid spacer arm in H1 plays
a critical role in promoting effective antibody induction in vivo.
Accordingly, mAbs 10E6 and 7C3 effectively mitigate the affinity/
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specificity trade-off, highlighting the value of the LRRHD-guided
rational hapten design strategy proposed here.

The influence of different competitive haptens on the specificity
of mAb 10E6 was further evaluated by ELISA against 11 represen-
tative SAs: SN (single-ring); STZ and SMX (five-membered ring);
SPY (pyridine ring); SMP (pyridazine ring); SQX (quinoxaline ring);
and SDM’, SDZ, SMD, SMR, and SMZ (pyrimidine ring). The working
concentrations of coating antigen and mAb 10E6 were optimized
by checkerboard assays, with By of approximately 1.5. ICsq values
for the 11 SAs were obtained from calibration curves, and CR val-
ues were calculated as the ratio of the ICsq for SQX to that for each
analyte. Because of low binding affinity, the optimal concentration
of mAb 10E6 exceeded 1.7 mg-L~! when paired with BS-BSA, HS-
BSA, or SA10-X-BSA, making these pairs unsuitable for assessing
the influence of the corresponding competitive haptens on anti-
body specificity.

As shown in Fig. 4(b), the CR values of mAb 10E6 followed a sim-
ilar trend across different coating antigens (i.e., different competi-
tive haptens). Specifically, mAb 10E6 showed the strongest
recognition of SQX, SDM’, SDZ, SMD, SMR, and SMZ, with CR values
ranging from 80.7% to 1930.8%. Moderate binding was observed for
STZ, SMX, SPY, and SMP, with CR values between 4.0% and 198.5%,
whereas SN showed poor recognition, with CR values below 7.8%.
This consistency indicates that the coating antigen has minimal
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influence on antibody specificity toward SAs, implying that the
competitive hapten does not substantially alter antibody specificity
in ELISA. However, when SA10-BSA and H2-BSA were used as coat-
ing antigens, lower ICso values were obtained for the tested SAs,
suggesting that although competitive haptens may have limited
effects on specificity, they can markedly influence ELISA sensitivity.

In our previous study, the use of a site-heterologous hapten
(competitive hapten), rather than a homologous hapten or a spacer
arm-length heterologous hapten, significantly improved assay sen-
sitivity [40]. Consistent with this observation, varying the coating
antigens produced different ICsq values (Fig. 4(b)). The highest sen-
sitivity was achieved when SA10-BSA (1.30 mg-L™!) was combined
with mAb 10E6 (340 pg-L™!) in ELISA. Similarly, in the mAb 3D1-
based assay, HS-ovalbumin (OVA) was identified as the optimal
coating antigen, further supporting that heterologous haptens are
generally more effective than homologous haptens in competitive
ELISA [8].

3.4. Molecular recognition mechanism analysis of mAb 10E6

To elucidate the recognition mechanism underlying the high
affinity and fine specificity of mAb 10E6 toward SAs, we determined
the crystal structure of 10E6 and analyzed its interactions with SAs.
mAb 10E6 was first purified from mouse ascites and digested with
papain in the solid phase. The resulting Fab fragments (Fab 10E6)
were further purified by size-exclusion chromatography (Fig. S12
in Appendix A). Crystals of Fab 10E6 were obtained using the
hanging-drop vapor diffusion method under conditions of
400 mmol-L~! diammonium phosphate (pH 7.4) and 10% (w/v)
PEG 3350, identified from a PEG/ion screen (Fig. S13 in Appendix
A). We then attempted to determine the crystal structures of Fab
10E6 in complex with SDZ and SMZ using both soaking and co-
crystallization approaches. However, these attempts were unsuc-
cessful, likely because ligand binding interfered with crystal forma-
tion and disrupted the crystal lattice. Apo-Fab 10E6 crystals
belonged to the P1211 space group and diffracted to 2.5 A resolu-
tion (PDB ID: 9VJK). A molecular replacement solution was
obtained, and the structure was refined to a working R-factor/free
R-factor (Ryork/Rree) Of 0.22/0.26 through iterative model building
and refinement (Table S8 in Appendix A). As shown in Fig. 5(a),
the asymmetric unit contained one copy of Fab 10E6, comprising
four typical domains: VH, heavy-chain constant region 1 (CH1),
VL, and light-chain constant region (CL). The ligand-binding pocket
was formed mainly by complementarity determining region 3 of
the heavy chain (CDRH3), complementarity determining region 2
of the antibody heavy chain (CDRH2), and complementarity deter-
mining region 3 of the antibody light chain (CDRL3).

To investigate why mAb 10E6 exhibits higher affinity and
broader specificity toward SAs, we first compared the variable
fragment (Fv) sequences of 4C7, 4D11, and 10E6. As shown in
Fig. 5(b) and Table S9 in Appendix A, the VH domain of 10E6 shares
46.7% and 49.5% identity with 4C7 and 4D11, respectively, and
61.5% and 68.6% similarity. The VL domain of 10E6 shares 53.5%
and 53.1% identity with 4C7 and 4D11, respectively, and 69.6%
and 69.4% similarity. We next compared CDR lengths and found
that CDRH3 of 10E6 contains 12 amino acid residues, substantially
longer than the 4 residues in 4C7 and the ten residues in 4D11
(Kabat numbering). In contrast, CDRL1 of 10E6 comprises 11
residues, shorter than the 16 residues in 4C7 and the 15 residues
in 4D11 (Fig. 5(b)). These differences in CDR length may
underlie the distinct affinities and recognition ranges of these
antibodies.

We then compared the crystal structures of 10E6 and 4C7 by 3D
structural superimposition. As shown in Fig. 5(c), the overall root-
mean-square deviation (RMSD) was 1.6 A. Consistent with the
sequence alignment, the main structural differences were localized
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to the CDRH3 and CDRL1 regions. Notably, CDRL1 of 4C7 is posi-
tioned far from the binding pocket and does not participate in
ligand binding in the 4C7-STZ complex [6]. Similarly, CDRL1 of
10E6 is located away from the ligand-binding pocket (Fig. 5(a)).
These observations support the hypothesis that the extended
CDRH3 loop of 10E6 contributes to its enhanced affinity and broad-
ened recognition spectrum.

We next compared the SASA and volume of the ligand-binding
pockets of mAbs 4C7 and 10E6 using CASTpFold [54]. As shown in
Fig. S14 and Table S10 in Appendix A, the SASA and volume of the
ligand-binding pocket of apo-10E6 were 186.3 A% and 86.8 A3,
respectively, both substantially larger than those of ligand-bound
4C7 (PDB: 5CP3), which were 97.5 A% and 47.0 A3. Although the
predicted SASA and volume of apo-4C7 (PDB: 5CP7) were
181.9 A% and 89.8 A3, respectively, the linker channel between
the first and second cavities is too narrow to accommodate an
intact ligand molecule, as confirmed by the crystal structure of
the ligand-bound 4C7 complex. Therefore, the effective surface
area and volume of the 4C7 ligand-binding pocket are better
approximated by the values observed in the ligand-bound com-
plex. These analyses indicate that mAb 10E6 possesses a broader
ligand-binding pocket. To compare structural flexibility, Byorm Were
calculated for Co atoms and analyzed at the residue level
(Table S11 in Appendix A). The apo-Fv structure of 10E6 exhibited
a similar proportion of residues with By, > 1 compared with apo-
Fv 4C7 (15.8% vs 16.0%). However, 10E6 showed a markedly higher
proportion of residues with Byom > 2 than apo-Fv 4C7 (3.9% vs
1.3%), and this proportion was also higher than that observed for
ligand-bound Fv 4C7 (2.2%). This difference was particularly pro-
nounced in the CDRH3 region, a major component of the ligand-
binding pocket. In this region, 10E6 contained 38.5% highly flexible
residues (Bnorm > 1) and 23.1% highly flexible residues (Bnorm > 2),
largely attributable to its extended CDRH3 loop. Collectively, these
results indicate a rightward shift in the B, distribution for 10E6,
reflecting increased global flexibility and enhanced binding-pocket
flexibility relative to mAb 4C7. Accordingly, the extended CDRH3
loop in 10E6 appears to create a larger and more flexible ligand-
binding pocket, which may underpin its higher binding affinity
and broader recognition capability.

To further clarify the recognition mechanism of 10E6, we per-
formed molecular docking followed by MD simulations of Fv
10E6 bound to six representative SAs—SNT, SMR, SIZ, SG, SBA,
and SN—each representing a distinct torsion-angle group. The
RMSD values of amino acid backbone atoms remained stable
throughout the simulations, indicating that reasonable complex
structures were obtained (Fig. S15 in Appendix A). As depicted in
Fig. 6(a), the loops that form the binding pocket of 10E6—CDRH3,
CDRH2, and CDRL3—underwent conformational fluctuations dur-
ing the 100 ns MD simulations, resulting in minor structural
changes in the ligand-binding pocket of Fv 10E6 (Fig. S16 in Appen-
dix A). Nevertheless, the hydrophobicity of the binding pocket
remained largely unchanged, consistent with the stable SASA of
the entire protein (Fig. S17 in Appendix A). In all simulations, the
N* terminus of the SAs inserted into the cavity of 10E6, providing
a key structural basis for the broad-specific recognition exhibited
by 10E6 (Fig. S16).

We then analyzed the non-bonding interactions between 10E6
and SAs (Fig. 6(b)). The results indicated that hydrophobic interac-
tions (including m-n stacking, m-alkyl, and m—sulfur interactions)
and van der Waals forces were major contributors to stabilizing
the ligand-antibody complexes. Two-ring SAs such as SMR and
SBA formed stronger hydrophobic interactions, consistent with
their higher binding affinities. Ligand-binding residues from the
heavy chain, particularly within CDRH3, contributed predomi-
nantly to SA recognition by 10E6. Specifically, Trp103 in CDRH3
formed a key hydrogen bond with an oxygen atom of the
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Fig. 5. Crystal structure and comparative analysis of Fab 10E6. (a) Surface representation of the crystal structure of Fab 10E6, highlighting the four domains: VH, VL, CH1, and
CL. The ligand-binding pocket is primarily formed by CDRH3, CDRH2, and CDRL3. (b) Sequence alignment of Fv of 4C7, 4D11, and 10E6. Sequence numbering and CDR
annotations follow the Kabat scheme. (c) Structural alignment of the crystal structures of Fv 4C7 and 10E6, shown in tube representation. The ligand STZ bound to Fv 4C7 is

shown as spheres.

sulfonamide group. Hydrogen-bond monitoring showed that this
interaction persisted for nearly the entire simulation period and
was consistently observed across all 10E6-SA complexes
(Fig. S18 in Appendix A). In addition, His99 (CDRH3), Tyr59
(CDRH2), and Phe94 (CDRL3) formed critical m-m stacking and
hydrophobic interactions with the benzene ring and the secondary
heterocyclic ring of the SAs. Moreover, the average binding free
energies of 10E6 with SNT, SMR, SIZ, SG, SBA, and SN ranged from
—23.2 to —35.0 kcal-mol™' (Table S12 in Appendix A), with SMR
showing the most favorable binding free energy, whereas SN and
SG showed the least favorable binding free energies. These trends
agreed with the CR results obtained by ELISA (Table 1). In
summary, the extended CDRH3 loop of 10E6 forms a broader and
more flexible ligand-binding pocket that can accommodate diverse
SA structures and establish more ligand interactions, thereby
supporting its high affinity and broad-specific recognition.
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3.5. Application of mAb 10E6-based icELISA in real sample
determination

To evaluate the practical performance of mAb 10E6, we devel-
oped a mAb 10E6-based icELISA for detecting multiple SA residues
in real samples. As shown in Fig. 4(b), the highest sensitivity was
achieved when the coating antigen SA10-BSA was paired with
mAb 10E6 in ELISA. We then investigated the effects of physico-
chemical parameters on the performance of this antigen-antibody
pair. The parameters By, ICso of SMZ, and the ICso/By ratio were
used as key indicators. As shown in Fig. 7(a), PBS buffers with dif-
ferent NaCl concentrations (34, 68, 136, 272, and 544 mmol-L™!)
were evaluated. Among these conditions, 136 mmol-L~! NaCl pro-
duced an optimal By value of approximately 1.5 and the lowest
ICso/Bo ratio, indicating the best assay performance. Therefore, a
buffer composed of 136 mmol-L™' NaCl, 8 mmol-L~! Na,HPO,,
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Fig. 6. Analysis of the molecular recognition mechanism of mAb 10E6. (a) Root mean square fluctuation (RMSF) analysis of 10E6 in complex with six SAs: SNT, SMR, SIZ, SG,
SBA, and SN. (b) 3D interaction analysis of 10E6 bound to SNT, SMR, SIZ, SG, SBA, and SN.

2 mmol-L~! KH,PO,, and 2.6 mmol-L~! KCI (i.e., standard PBS) was
selected for subsequent experiments. For pH optimization, values
from 5.0 to 8.0 were tested. As shown in Fig. 7(b), pH 7.4 yielded
the lowest ICsq/By ratio.

The influence of organic solvent concentration on assay perfor-
mance was assessed by dissolving SMZ standards in 0, 1%, 2%, 5%,
10%, or 20% organic solvent. As shown in Figs. 7(c) and (d), compe-
tition between SMZ and the competitive hapten SA10 (structure
shown in Fig. S1) for binding to mAb 10E6 was notably disrupted
at 10% acetonitrile. These results indicate that the ELISA tolerates
up to 10% acetonitrile and up to 20% methanol without compro-
mising assay performance.

The matrix effect in skimmed milk was evaluated using 2.5-,
five-, and ten-fold dilutions in PBS. As shown in Fig. 7(e), a simple
five-fold dilution was sufficient to effectively eliminate the matrix
effect. For chicken samples, homogenized tissue was extracted
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with PBS at a 1:5 (w/v) ratio, and the undiluted extract as well as
two- and four-fold dilutions were tested. As shown in Fig. 7(f),
the matrix effect in chicken samples was effectively mitigated by
a two-fold dilution with PBS. The resulting calibration curves for
SMZ in PBS and in the processed extracts were nearly identical,
confirming effective matrix elimination and reliable assay perfor-
mance in complex matrices.

To assess the accuracy and precision of the developed icELISA,
five SAs commonly used in veterinary practice—SMX, SDZ, SMZ,
SMM, and SQX—were spiked into blank skimmed milk and chicken
samples. Results are presented as recovery (%) and coefficient of
variation (CV, %). As shown in Tables S13 and S14 in Appendix A,
recoveries in skimmed milk ranged from 63.2% to 107.1%, with
CVs below 19.4%. In chicken samples, recoveries ranged from
62.7% to 110.5%, also with CVs below 19.4%, demonstrating the
suitability of the developed icELISA for detecting multiple SA
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Fig. 7. Optimization of the physicochemical parameters in ELISA, including (a) ionic strength and (b) pH. The effects of (c) methanol and (d) acetonitrile on ELISA performance
were evaluated. ELISA calibration curves of SMZ in PBS buffer, (e) PBS-treated skimmed milk, and (f) chicken samples are shown. The vertical coordinate of (e, f) was
expressed as the value of B/B,, where B and B are the responses to the ODyso values with or without SAs.

residues in both matrices. The LODs for SMX, SQX, SMM, SMZ, and
SDZ in skimmed milk were 1.5, 1.2, 1.1, 1.0, and 0.29 pg-L7’,
respectively. In chicken, the corresponding LODs were 4.7, 1.9,
2.8, 1.3, and 0.81 pg-kg™!, respectively. In conclusion, mAb 10ES6,
which exhibits both high affinity and fine specificity, was success-
fully applied for monitoring multiple SA residues in real samples.

4. Discussion

The discovery of MREs is persistently constrained by the intrin-
sic trade-off between affinity and specificity. In this study, SAs
were selected as model analytes to mitigate this affinity/specificity
trade-off through LRRHD and to generate mAbs with both high
affinity and fine specificity. For small molecules such as SAs, hap-
ten design is a decisive step in producing antibodies that achieve
high affinity together with the desired specificity. Using a tradi-
tional hapten design strategy based on 2D structural analysis,
Muldoon et al. [44] designed the generic hapten SUL; however,
the resulting mAb, Sulfa-1, did not achieve the expected specificity
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(Table S3). Subsequent conformational optimization analysis
showed that the minimum-energy conformation of SUL differed
markedly from those of cross-reactive SAs, suggesting that mAb
Sulfa-1 may have recognized a different structural conformation
of the hapten. Building on conformational optimization and atomic
charge distribution analyses, Adrian et al. [35] designed hapten
SA1, noting that many SAs contain an electron-withdrawing atom
adjacent to the carbon in the R groups relative to the N position.
Computational evaluations of dihedral angles, charge distributions,
and pKa values indicated minimal geometric and electrostatic vari-
ation near the sulfonamide bond across different SA structures. The
resulting polyclonal antibody (pAb), As155, exhibited CR with 10
SAs, each with ICso values below 100 pg-L™! (Table S3). Building
on these insights, we designed hapten SA10-X, which generated
a pAb reactive with 18 SAs, also with ICsq values below
100 pg-L~! [42]. Further 3D-QSAR analysis suggested that incorpo-
rating one or two nitrogen atoms into the second aromatic ring,
together with methyl or methoxy substitutions, may improve
future hapten designs.
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Despite substantial progress in ligand-based hapten design,
generating SA antibodies with both high affinity and fine speci-
ficity remains challenging, largely because of the inherent affin-
ity/specificity trade-off. Ligand-based hapten design is often
affected by molecular input bias and provides limited insight into
antigen-antibody interactions; these limitations are particularly
evident when developing haptens for broad-spectrum antibody
recognition, where epitope formation is difficult to predict. In con-
trast, receptor- or structure-based drug design (SBDD) has been
widely and successfully applied in the pharmaceutical industry,
highlighting the value of integrating molecular interaction infor-
mation into rational design strategies [58,59]. Incorporating recep-
tor information into hapten design can reduce randomness,
strengthen mechanistic rationality, and increase the likelihood of
generating target-specific antibodies [51]. In our previous work,
structural insights into SA-binding receptors—including mAbs
4C7 and 4D11 as well as DHPS—were established [6]. Therefore,
in the present study, we integrated ligand-based analyses with
receptor-based structural analyses of SA-binding antibodies and
protein receptors and established the LRRHD strategy, as illus-
trated in Fig. 1. From the ligand-based analysis, the C(aryl)-S-N-
C torsion angle emerged as a key indicator for hapten design, and
haptens derived from the second torsion-angle group were
expected to maximize the broad specificity of the resulting anti-
bodies toward SAs. From the receptor-based analysis, we deter-
mined that the R group of the hapten is a critical determinant of
both affinity and broad specificity in the generated antibodies.
Guided by these integrated ligand- and receptor-based insights,
four novel haptens were rationally designed.

Among the mAbs produced using these four haptens, mAbs
10E6 and 7C3 derived from hapten H1 showed ultralow ICsg values
and unexpectedly broad specificity toward SAs (Table 1 and
Table S3). In particular, mAb 10E6 exhibited outstanding perfor-
mance, expanding the recognition spectrum to 29 SAs while main-
taining the affinity gap within 88-fold. This represents a
substantial improvement over previously developed antibodies,
including 4D11 [7], 4E5 [45], Chen [41], 3D1 [8], and those
reported by Chen et al. [41] and Li et al. [46]. Compared with DHPS,
mAb 10E6 showed a > 25-fold improvement in the mean ICsq for
SAs, although its affinity gap remained larger than that of DHPS.
For mADb 4F5, our results are consistent with those of Chen et al.
[8], who reported that antibodies generated by haptens H2 and
S7-C(Table S2), both containing a dimethylpyrimidine moiety, dis-
played high specificity toward SMZ. Although hapten S7-C con-
tained a 4-pentenoic acid spacer arm, antibody specificity was
not substantially affected, suggesting that the characteristic epi-
tope of the hapten plays a dominant role in determining antibody
specificity, whereas the spacer arm primarily functions to present
the antigenic determinant to the immune system. When compar-
ing mAb 5F7 with other antibodies, such as pAb S4-II produced
against hapten S4 [34] (Table S2), the affinities measured against
SMP (ICsg, 0.68 pg-L™"), sulfamethizole (SMT) (ICsq, 0.86 pg-L™"),
STZ (ICsq, 1.7 pg-L™"), and SPY (ICsq, 2.9 pg-L™') were comparable
to those observed for mAb 5F7. Similarly, for pAb As155 generated
from hapten SA1 [35], the ICso values for STZ, SPY, and SEP were
1.3, 2.6, and 5.0 pg-L™!, respectively (Table S3). However, for SIM,
SMR, and SMZ-—compounds bearing one or two methyl sub-
stituents on the pyrimidine ring—the ICsq values ranged from 1.8
to 3.7 pg-L™! (Table S3). This discrepancy is likely attributable to
the heterogeneity of pAb As155, resulting in differences in recogni-
tion behavior between pAb As155 and mAb 5F7.

CDRH3 plays a central role in determining antibody-antigen
affinity and specificity, and its length is a key factor influencing
binding characteristics [60,61]. Compared with the SA-binding
antibody 4C7 [6], mAb 10E6 contains a substantially longer CDRH3
(12 amino acid residues). Structural superposition suggests that
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this extended CDRH3 contributes to a broader and more flexible
binding pocket [62], enabling accommodation of structurally
diverse SAs and allowing formation of additional ligand interac-
tions—features that collectively support its high affinity and broad
specificity.

The CR of an antibody with ligands is closely associated with
molecular structure [6,42]. In this work, three SAs with N*-
position modifications—PST, SNT, and SSA (Fig. S1)—showed higher
ICso values of 20, 14, and 17 pg-L™!, respectively (Table 1). This is
most likely because mAb 10E6 recognizes epitopes near the N*
position of SAs, and modification at this site interferes with anti-
body binding (Fig. 6(b)), leading to elevated ICsq values. In addition,
single-ring SAs (SN, SG, and SAM) also exhibited increased ICsq val-
ues of 20, 20, and 9.6 pg-L~!, respectively, primarily because they
lack key interactions present in double-ring SAs (Fig. 6(b)), thereby
reducing binding affinity. For the remaining SAs, ICso values ranged
from 0.23 to 10 pg-L™' and showed a significant positive correla-
tion with their torsion angles (P = 0.0033), indicating that larger
torsion angles correspond to lower antibody affinity (Fig. S19 in
Appendix A). Collectively, these results demonstrate that the CR
profile of mAb 10E6 across SAs is strongly correlated with molecu-
lar structure.

The key steps in hapten design involve selecting an appropriate
core epitope and spacer arm. Here, to achieve high affinity and fine
specificity toward SAs, the hapten core epitope was designed based
on the predominant conformational cluster (Group 2; C(aryl)-S-
N-C torsion angles) identified using the LRRHD strategy. However,
this approach inevitably produced uneven CR toward different SAs
among the resulting antibodies. This outcome reflects an inherent
theoretical limitation: designing a hapten to mimic the dominant
conformational population will necessarily compromise binding
affinity toward analytes with distinct conformational preferences.
This limitation helps explain why uniformly high specificity across
a class of structurally related analytes is difficult to achieve.
Accordingly, rational hapten design can mitigate the affinity/speci-
ficity trade-off to some extent, but it cannot fully eliminate it. Fur-
ther studies are therefore needed to clarify how hapten
conformation influences immune responses and to elucidate the
molecular mechanisms by which antibodies discriminate among
structurally diverse analytes.

In this study, we proposed an LRRHD strategy to mitigate the
affinity/specificity trade-off commonly observed in MREs. Four
haptens—H1, H2, H3, and H4—were rationally designed and syn-
thesized. mAb 10E6, derived from hapten H1 containing a novel
rigid 4-pentynoic acid spacer arm, exhibited unexpectedly high
affinity and fine specificity, largely attributable to its extended
CDRH3, which creates a broader and more flexible binding pocket
capable of recognizing diverse SAs. Based on mAb 10EG6, an icELISA
was developed for monitoring multiple SA residues in real samples.
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