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Abstract

Nanobodies (Nbs) have great potential in immunoassays due to their exceptional physicochemical
properties. With the immortal nature of Nbs and the ability to manipulate their structures using
protein engineering it will become increasingly valuable to understand what structural features

of Nbs drive high stability, affinity and selectivity. Here, we employed an anti-quinalphos Nb

as model to illustrate the structural basis of Nbs’ distinctive physicochemical properties and

the recognition mechanism. The results indicated that the Nb-11A-ligand complexes exhibit a
“tunnel” binding mode formed by CDR1, CDR2, and FR3. The orientation and hydrophobicity
of small ligands are the primary determinants of their diverse affinities to Nb-11A. In addition,
the primary factors contributing to Nb-11A’s limited stability at high temperatures and in organic
solvents are the rearrangement of the hydrogen bonding network and the enlargement of the
binding cavity. Importantly, Ala 97 and Ala 34 at the active cavity’s bottom and Arg29 and Leu73
at its entrance play vital roles in hapten recognition, which were further confirmed by mutant
Nb-F3. Thus, our findings contribute to a deeper understanding of the recognition and stability
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mechanisms of anti-hapten Nbs and shed new light on the rational design of novel haptens and
directed evolution to produce high-performance antibodies.

Graphical Abstract
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INTRODUCTION

As the primary element in an immunoassay, the recognition of the analyte by the antibody
largely governs the performance of immunoassays. Therefore, there is an urgent need for
the development of high-quality antibodies to enhance the sensitivity and specificity of
immunoassays as well as to move toward antibodies of defined or immortal characteristics
for consistency. The rapid progress of genetic engineering and protein engineering has led to
the development of numerous approaches to antibody development, including conventional
antibodies such as monoclonal antibody (mAb),! polyclonal antibody (pAb)?2 and genetically
engineered antibodies like single chain fragments variable (scFv),3-5 antigen binding
fragments (Fab),® 7 and originally single-domain antibody or VH fragment commonly
termed nanobody (Nb).8 9 It is important to note Nbs, which are a novel class of antibodies
first discovered in 1993 by Hamers Casterman et al.,10 generally produced from the variable
domain of the heavy chain antibody in camels, llamas, alpacas and sharks, have been

the subject of intense study in immunoassays due to their exceptional physicochemical
properties, including tiny size, great solubility, and high stability.11-15 Of course possibly
the greatest attribute is that the nanobodies can be considered ‘immortal’ since they can be
obtained through recombinant expression in a stable manner and can be easily modified /n
vitro through protein engineering.

As with other immunoassays, Nbs-based immunoassays are most easily generated for

the detection of large molecules.18-17 However, numerous assays for low-molecular
weight compounds now have been reported, including insecticides,18-19 toxins, 14 20. 21
herbicides,?2 23 and byproducts in food processing.24 In spite of increasing research, there
is limited structural information revealing the detailed mechanisms of hapten recognition
with Nbs. Five hapten/Nbs complexes have so far been deposited in the protein data

bank (PDB), two of them contain reactive red dye haptens,2> 26 two of them involve
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drug-related haptens,2’- 28 and one involves an antibacterial-antifungal compound.2® The
manner in which these haptens are bonded vary greatly and the structural mechanisms
governing hapten-Nb interactions are still poorly understood. As a result, the majority of
Nbs produced are still generated by “trial and error” or ease of hapten synthesis rather
than a systematic design of immunizing haptens to gain the desired analyte recognition
as has been done for poly and monoclonal antibodies.30-31 With the immortal nature of
nanobodies and the ability to manipulate their structures using protein engineering it will
become increasingly valuable to understand what structural features of nanobodies drive
high affinity and selectivity despite the lack of a V| domain.

In this study, one of the most widely used organophosphate (OP) pesticides, quinalphos, was
used as a model to prepare anti-quinalphos Nbs. After four successive rounds of panning,
the resulting Nb (Nb-11A) exhibited good affinity to quinalphos. To gain understanding of
the structural foundations of Nb-11A’s recognition to ligands, the complex crystal structures
of Nb-11A and quinalphos, and three analogues (parathion, triazophos, and coumaphos)
were determined using X-ray crystallography. And then the key amino acids that form the
binding pocket were identified by analyzing the interaction forces with ligands. Meanwhile,
molecular dynamics (MD) was employed to study the Nb-11A’s thermal stability and
organic tolerance mechanism. Finally, the key role of the Ala 97 and Ala 34 at the

active cavity’s bottom and the Arg 29 and Leu 73 at its entrance for the recognition

were further confirmed by a mutant Nb-F3 (Scheme 1). Through this study, the structural
basis of Nbs’ distinctive physicochemical properties as well as a better understanding of
Nb-hapten interaction were gained, which will also facilitate the design of specific haptens
and antibody affinity maturation /n vitro.

EXPERIMENTAL SECTION

Reagents, materials and apparatus

The information about the used reagents, materials and apparatus can be found in the
Supporting Information (Page S3).

Biopanning and characterization analysis of anti-quinalphos nanobodies

The phage display library was constructed by our lab previously32 and four successive
rounds of panning were performed as described before with some modifications (Table
S1).33 After four rounds of panning, 96 clones were analyzed by indirect competitive
ELISA (ic-ELISA), and the positive clones were sequenced and transformed into £. coli
BL21(DE3) and induced, followed by osmotic shock34 and Ni-NTA purification procedures.
After identification by SDS-PAGE and western blotting, the performance of the selected
candidate Nb (Nb-11A) was characterized by ic-ELISA. The ic-ELISA was performed

as described in the Supporting Information (Page S4). The thermostability and organic
tolerance were also characterized (Supporting Information, Page S5).

Determination of affinity

All isothermal titration calorimetry (ITC) experiments were conducted with a MicroCal™
ITCy00 (GE Healthcare, USA) as described before with minor modifications.3® ITC trials
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involved a total of 20 injections (2 uL) with a stirring speed of 1000 rpm. There should be

a 150-second interval between injections, a 5-second noise filter time constant, and a high
feedback mode. Origin and the manufacturer-supplied ITC add-on were used to examine the
data.

Crystallization and data collection

Crystals of Nb-11A complexed with the pesticides (quinalphos, parathion, triazophos and
coumaphos) were obtained using the sitting-drop method at 20°C. The purified Nb-11A

(30 mg/mL) was mixed with pesticides at a molar ratio of 1:2. Drops consisting of 1 pL

of the complex were mixed with 1 pL of 0.1 M citric acid pH 4.0, 5% (w/v) PEG 6000

(for Nb-11A/quinalphos), or 1 uL 0.1 M citric acid pH 3.5, 0.8 M ammonium sulfate (for
Nb-11A/parathion, Nb-11A/triazophos and Nb-11A/coumaphos), respectively. Before being
flash-cooled in liquid nitrogen, crystals were cryoprotected in a reservoir solution containing
30% glycerol. X-ray diffraction data were collected at 100 K on beamline BLO2U1 and
BL19U1 of the SSRF.

Determination and refinement of holo Nb-11A structure

Diffraction images were indexed and processed by XDS38 and Dials.3” The structure of

holo Nb-11A was obtained by molecular replacement using PHASER MR from the CCP4
crystallography package38 with PDB accession number 4WEN as the search model. The
structure was refined using REFMAC,3% PHENIX,0 and COOT.#! The structural parameters
was shown in Table S2. All associated drawings were created with PyMOL.

Site-directed saturation mutation and characterization of mutants

Four key amino acid sites (Arg 29, Ala 34, Leu 73, and Ala 97) were introduced into
Nb-11A using overlap extension PCR with the primers in Table S3. The biopanning
procedures (Table S4) were executed with a modified solid phase coating in the microplate
as described above. After three rounds of panning, 96 clones were chosen at random and
induced on a 96-well deep-well plate. Positive plasmids obtained were transformed into £.
coli BL21(DE3) and induced. After identification by SDS-PAGE, ic-ELISA was used to
characterize the performance of the selected candidate mutants.

RESULTS AND DISCUSSION

Isolation and Identification of Anti-Quinalphos Nanobodies

A 1.43%x107 cfulmL library32 was used for biopanning of anti-quinalphos Nbs according to
the procedure shown in Table S1. After four rounds of panning, nine clones with inhibition
rates for quinalphos (1 pg/mL) ranging from 45+0.31% to 83+0.14% were obtained (Figure
1A). Nb-11A with an inhibition rate of 80+0.18% and the highest potency was chosen

for further analysis. As demonstrated by SDS-PAGE and western blotting (Figure 1B),

the molecular weight of Nb-11A was about 17 kDa, and its purity was higher than 90%

as determined by ImageJ.#2 The yield of Nb-11A was 15.0+0.5 mg/L. The hallmark
hydrophilic amino acids ((F/Y) ER (A/R/G)) in FR 2 that differentiate many Nbs from
conventional Vi (VGLW) are often thought to be the cause of Nbs’ high solubility.43
However, these four sites in Nb-11A were replaced by three hydrophobic amino acids
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(37Y, 45P, and 47F) and a hydrophilic 44E (Figure S1), which caused the low solubility of
Nb-11A.

The Binding Characteristics of Holo Nb-11A

The half maximal inhibitory concentration (ICsg) value for quinalphos was 298.3+1.2 ng/mL
with the limit of detection (LOD) of 25.0+0.3 ng/mL (Figure 1C). Additionally, 9 kinds

of quinalphos analogues were used for specificity analysis by cross-reactivity (CR) assay.

As shown in Table S5, the IC5q of the assay for parathion, triazophos, and coumaphos

were 554.9+1.6, 72.7£2.1, and 890.6+2.6 ng/mL, respectively, with a corresponding CR

of 53+0.75%, 431+£0.57%, and 41+0.46%. In addition, ITC data for the Nb-11A/pesticides
(Figure 1, D to G) indicated that the Kp values were in good agreement with the ic-ELISA
results. The Kp for Nb-11A binding to quinalphos, parathion, and triazophos were 14.3+0.4
nM, 16.7+£0.7 nM, and 11.1+0.5 nM, respectively, which were all in the same level and
10-fold lower than the Kp for Nb-11A binding to coumaphos (174.0+1.3 nM).

Binding Mode

Although many Nbs against small molecule haptens have been reported, only several
structures of Nbs and small molecule haptens have been elucidated. The binding patterns of
these haptens are notably distinct.25-29 To study the structural basis of pesticide recognition
and its relationship to the reported binding capabilities, we determined the crystal structure
of the Nb-11A/quinalphos, Nb-11A/parathion, Nb-11A/triazophos, and Nb-11A/coumaphos
complex at 2.40 A, 1.87 A, 1.99 A and 2.00 A resolutions, respectively (Table S2). Instead
of using the long CDR3 loop and the CDR?2 interface surface to form a “lateral” binding
mode,25: 26 quinalphos, parathion, triazophos and coumaphos were inserted into the “tunnel”
formed mainly by the CDR1, CDR2 and FR3 loop (Figure 2), which was comparable to the
“tunnel” binding method of cortisol (Figure S2).28 Interestingly, methotrexate (MTX) and
triclocarban (TCC) were deeply entrenched in a distinct “tunnel” created by CDR1, CDR3,
and FR1 loops (Figure S2).27: 29 Previous Nb-antigen structures revealed that the binding
affinity was mostly driven by the flexible CDR3 contact with the antigen, whereas CDR1
and CDR2 contributed only slightly to the interaction force.** Here, a comparison of these
structures in “tunnel” binding mode reveals that the CDRL1 is the major driven force in the
“tunnel” architecture, which emphasizes the importance of CDR1 in recognition of these
small ligands. Meanwhile, for “lateral” binding ligands, CDR1 also contributes some extra
interaction force. All of these suggests that CDR1, rather than CDR3, plays an essential role
in the recognition of at least these small ligands. Furthermore, the FR1 and FR3 play critical
roles in the “tunnel” architecture, meaning that conserved FR is important as well. Cortisol
(MW 362.5 Da),28 MTX (MW 454.4 Da),2’ TCC (MW 315.6 Da),2? and the ligands in

this work (MW vary from 291.26 Da to 362.8 Da), which bound in a “tunnel” mode, are
smaller than “lateral” binding reactive red 1 (MW 612)26 and reactive red 6 (MW 628 Da)%>.
In addition, the molecules that bind in “tunnel” mode are lengthy and highly hydrophobic
(Figure S2 and S3). Thus, size, shape, and solubility of small ligands appear to be the factors
most likely to influence the binding mode of Nbs. Smaller molecules are more likely to bind
in a “tunnel” mode, which can aid in the prediction of Nbs-small ligand recognition.

Anal Chem. Author manuscript; available in PMC 2024 August 01.
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All ligand atoms were visible and well-located in the electron density maps, with
quinalphos, parathion, triazophos, and coumaphos deeply immersed in a “tunnel” formed
by CDR1, CDR2, and FR3 loop in nearly the same orientation (Figure 3, A to D). In
actuality, this hapten Hq was initially made in order to generate antibodies with broad
specificity for O, O-diethyl organophosphorus pesticides.3! Therefore, it is not unexpected
that Nb-11A can recognize other O, O-diethyl organophosphorus insecticides in addition to
quinalphos. As expected, the common O, O-diethyl thiophosphate group of the four ligands
was inserted into the bottom of the pocket of Nb-11A due to the easy accessibility of this
group during immunization being remote from the site of attachment to the carrier protein
(Figure S4). The percentage of ligand surface buried by Nb-11A was calculated to be 68%
(326.9 A?), 63% (295.6 A2), 64% (330.9 A2) and 66% (362.7 A2) for quinalphos, parathion,
triazophos and coumaphos, indicating an excellent surface complementarity between the
pesticide ligands and Nb-11A.

Pesticide ligands were present in the hydrophobic pocket of Nb-11A through the
hydrophobic interactions between Val 28, Arg 29, lle 31 and Ala 34 of CDR1; lle 51

and Val 53 of CDR2; Ala 97 from CDR3. Furthermore, residues of the nonhypervariable
loop (Leu 4 and Cys 22 from FR1, Asp 72, Leu 73, Ser 76 and Val 78 from FR3)

also contributed importantly to the binding. There only one weak hydrogen bond between
sulfur of O, O-diethyl thiophosphate group and oxygen of Asp 72 was found in Nb-11A/
parathion, Nb-11A/triazophos and Nb-11A/coumaphos. According to a generally held
belief, hydrophobic forces dominate protein-ligand association, whereas charge-charge
interactions and hydrogen bonds essentially govern the reaction specificity.*>~4” Due to

the predominance of hydrophobic interaction in the binding force, Nb-11A could recognize
quinalphos and its analogues (parathion, triazophos, and coumaphos). Specificity is one of
the important properties of antibodies, which determines the performance of immunoassays
based on these antibodies. We may alter the specificity of Nb-11A by site-directed
mutation to widen its applicability while avoiding the time-consuming and unpredictable
immunization and screening procedure. The key amino acid sites in the recognition process
can be mutated to reshape the active cavity of Nb-11A. And then computer simulations can
be used to calculate whether the mutant can effectively recognize other structural analogs
of quinalphos. After a theoretical feasibility assessment, experimental validation of the
mutation can proceed.

Affinity Differences

Despite the similarity of the amino acids involved in the hydrophobic binding pocket (Figure
3, A to D), there is a tiny differential in binding between Nb-11A and the four pesticide
ligands due to the various characteristics of the ligands, resulting in differing affinities. In
details, Val 28 and Ile 31 from CDR1, Val 53 from CDR2 and Leu 73 from FR3 provide
conserved hydrophobic residues around the binding pocket entrance and pack against the
hydrophobic upper end substructure of ligands, specifically the benzene ring and pyrazine
ring of quinalphos, the benzene ring of parathion, the triazole ring and benzene ring of
triazophos, furan ring and benzene ring of coumaphos (Figure 3, A to D). The positively
charged Arg 29 at the entrance of the hydrophobic pocket stabilizes the interaction between

Anal Chem. Author manuscript; available in PMC 2024 August 01.
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Nb-11A and parathion by forming a salt bridge between the sidechain guanidyl and the
parathion nitroso group (Figure 3B). Nevertheless, the interaction between Arg 29 and the
hydrophobic upper end substructure of quinalphos, triazophos and coumaphos might be
unfavorable (Figure 3, A, C and D). Meanwhile, the lengthy sidechain of Arg 29 may
additionally hinder the entrance of ligands due to steric hindrance. There is a weak hydrogen
bond between the sulfur of the O, O-diethyl thiophosphate group and the oxygen of Asp 72
in Nb-11A/parathion (Figure 3B), Nb-11A/triazophos (Figure 3C), and Nb-11A/coumaphos
(Figure 3D), but not in Nb-11A/quinalphos due to the little deviation of Asp 72 (Figure 3A).
The P=S group of the O, O-diethyl thiophosphate group from quinalphos, parathion, and
triazophos is hydrophobic, and its hydrophobicity is stronger than that of coumaphos (Figure
3, E to H), resulting in stronger binding to Leu 73, which accounts for the much higher
affinity of Nb-11A for quinalphos, parathion, and triazophos than for coumaphos.

Thermal Stability of Nb-11A

The results of a thermostability investigation (Figure 4, A and B) revealed that Nb-11A
retained approximately 100% of its binding activity after 5 min at 80°C. Even at 95°C

for 60 min, Nb-11A was able to retain over 40% of its binding activity. The excellent
thermostability of Nb-11A is attributed to the special steric structure of Nbs,11 48-50
According to the structure of Nb-11A, Cys 22 in framework region (FR) 1 and Cys 95

in FR3 form a conserved disulfide bond (Figure 2A), which resulting in the robustness of
Nb-11A to high temperature. However, compared to other Nbs,30: 51-53 the thermal stability
of Nb-11A is not outstanding. This may be because Nb-11A lacks the extra disulfide link
between complementarity determining region (CDR) 1 and CDR3, which is thought to be
necessary for strong thermostability due to its role in reducing paratope flexibility.43: 48: 54
Given that the interloop disulfide bonds are more likely to be present in Nbs with longer
CDR3 and the median value for CDR3 length of Nbs is 16 aa,*3: % the presence of an
additional disulfide link between CDR1 and CDR3 (11 aa) of Nb-11A seems improbable.

Next, we conducted MD simulation at 310 K (37°C) and 368 K (95°C) to further assess

the thermostability of the Nb-11A. The average root mean square deviation (RMSD) values
of Nb-11A at 310 K (0.15+0.03 nm) were much lower than that at 368 K (0.33+0.07

nm) after a 20-ns molecular dynamic simulation (Figure 4C), which was consistent with
Nb-11A’s thermostability. The root mean square fluctuation (RMSF) values often reflect the
fluctuation of individual residues during the MD simulation process. As shown in Figure 4D,
the fluctuation of three loop regions (Res 52-57, Res 61-65, and Res 101-104) were higher
at 368 K than at 310 K, suggesting that their flexibility increased with a rise in temperature.
There was no apparent structural change of Nb-11A after 20-nm MD simulation at 310 K
(Figure 4G). However, comparing the conformations of these three loop regions (Res 52-57,
Res 61-65 and Res 101-104) at 368 K in MD equilibrium, the locations of these three loops
shift by between 9.1 A to 9.7 A (Figure 4H), affecting the binding of Nb-11A and resulting
in decreased stability. Importantly, Res 52-57 from CDR2 is the component of binding
pocket and move almost 40 degrees out of the pocket, indicating that in addition to the FR
as reported,®8 CDRs also play an important role for the thermostability of Nb. Additionally,
the number of H-bonds between Nb-11A and water is 246 and 201, respectively, at 310 and
368 K, and there are 87 and 80 H-bonds in the structure of Nb-11A itself (Figure 4, E and

Anal Chem. Author manuscript; available in PMC 2024 August 01.
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F). The stability of Nb-11A at 368 K is likewise negatively impacted by the decline in the
number of systematic H-bonds.57: 58

Organic Solvent Tolerance of Nb-11A

In order to improve the extraction efficiency of chemical contaminants, organic reagents are
frequently used in the pretreatment of samples. Here, MeOH and CAN were used to evaluate
Nb-11A’s organic tolerance. As the results showed (Figure 5A), Nb-11A displayed almost
100% binding activity in 10% MeOH and 10% ACN and nearly 50% binding activity in
30% MeOH and 25% ACN. Thus, Nb-11A shown a high tolerance to MeOH and ACN,
corresponding with the results of anti-carbofuran Nb 316,18 anti-parathion Nb VVHH9,32 and
anti-iso-tenuazonic acid Nb B3G3.59 The superior organic solvent tolerance may result in a
simple pre-treatment process for the detection of practical samples.

To evaluate the Nb-11A’s resistance to organic solvents in further detail, we conducted

MD simulation in 10% MeOH, 10% ACN, 80% MeOH and 40% ACN respectively, for
Nb-11A remained intact binding activity in 10% MeOH and 10% ACN, and lost its binding
activity in 80% MeOH and 40% ACN. As shown in Figure 5, B and C, the system achieved
equilibrium after 20 ns of simulation. The total number of the H-bonds between Nb-11A and
the solvent during the simulation were shown in Figure 5, D to G, the total H-bonds number
of Nb-11A in 10% MeOH and 80% MeOH system was about 312 and 290 respectively,
while that of 10% ACN and 40% ACN was only 273 and 235, respectively. The stability

of Nb-11A is reduced as a result of the network of H-bonds being rearranged.5”: 58 In
addition, there were three regions (Res 25-29, Res 52-57 and Res 71-76) located on binding
pocket whose fluctuation were higher in 80% MeOH than in water (Figure 5H) attributed

to the conversion from the alpha helix to the loop structure while in the presence of the
MeOH solvent (Figure 5K). Meanwhile, the same three fluctuation regions also existed in
40% ACN (Figure 5, | to M). However, there was no discernible difference between the
fluctuation of the binding pocket in 10% MeOH and 10% ACN and that in water (Figure 5,
H to L). According to a comparison of their conformations in MD equilibrium, these three
regions (Res 25-29, Res 52-57 and Res 71-76) moved by between 4.7 A-10.1 A in 80%
MeOH and 4.3 A-7.9 A in 40% ACN (Figure 5, K and M). Importantly, Res 52-57 moved
out of the pocket by about 60 degrees and 30 degrees, respectively, in 80% MeOH and 40%
ACN (Figure 5, K and M). The movement of these three regions enlarged the binding pocket
from 444.0 A3 to 707.4 A3 (in 80% MeOH) and 626.6 A3 (in 40% ACN), which is the main
reason for the inactivation of Nb-11A.

Site-Directed Saturation Mutation

In order to confirm the key role of four sites (Ala 97 and Ala 34 at the active cavity’s

bottom and the Arg29 and Leu73 at its entrance) in the atomic level mechanics of the
molecular recognition that take place, we constructed a Arg 29, Ala 34, Leu 73 and Ala 97
saturated mutations library (Figure S5) and the Nb-F3 with inhibition levels of quinalphos (1
pg/mL) of more than 90% was selected from the secondary saturation mutation library for
further analysis (Figure S6 and S7). As shown in Figure 6A, the molecular weight of Nb-F3
was approximately 17 kDa, which is comparable with Nb-11A. The yield of Nb-F3 was
1.0+0.2 mg/L. According to the results of sequence alignment (Figure 6D), Nb-F3 differed
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from parent Nb-11A by 3 sites, which may explain the variation in expression level, as

these modifications render hydrophobic characteristics to Nb-F3.43 As demonstrated by the
standard curve in Figure 6B, Nb-F3 (IC59=67.4+1.5 ng/mL, LOD=6.4+0.7 ng/mL) exhibited
4.4 fold higher sensitivity and 3.9 fold higher LOD than the parent Nb-11A (I1C57=298.3+1.2
ng/mL, LOD=25.0+0.3 ng/mL) for the detection of quinalphos. Leu 73 from FR3 of Nb-F3
stayed the same as Nb-11A (Figure 6D), and the likelihood of Leu 73 among the 15

positive sequences was 67%, indicating that Leu 73 may play a key role in the binding of
ligands. As depicted in Figure 6C, Leu 73, which is highly hydrophobic, packed tightly
against the hydrophobic rings of pesticide ligands surrounding the entrance of the pocket,
stabilizing the pesticide ligands; this might have been the reason why Leu 73 is so critical.
Arg 29 Asn positioned at the entrance of the pocket expanded the pocket entrance, which
could be advantageous for the loading of ligands (Figure 6C). Meanwhile, the longer side
chains of Ala 34 Cys and Ala 97 Val on the bottom of the pocket made the bottom of

the pocket smaller (from 425.8 A3 to 344.3 A3), shallower (from 17.1 A to 14.0 A) and
more hydrophobic (Figure 6C), hence tightening the binding of ligands to Nb-F3, which
indicated that the adjustment of the active cavity size, especially the size of the entrance and
the bottom, would be a worthwhile strategy to take into account for directed evolution to
produce high-performance antibodies.

CONCLUSIONS

In summary, anti-quinalphos nanobody Nb-11A was isolated and exhibited an affinity range
of 14.3+0.4 nM to 174.0+1.3 nM for quinalphos and three analogues (parathion, triazophos,
and coumaphos). To elucidate the structural basis of Nb-11A’ distinctive physicochemical
properties as well as the recognition mechanism between Nb-11A and the four pesticide
ligands, high-resolution crystal structures of the Nb-11A complex were solved.

1. As expected, the O, O-diethyl thiophosphate group of the ligands was inserted
into the bottom of the “tunnel” formed by CDR1, CDR2, and FR3 loop in
nearly the same orientation due to the easy accessibility of this group during
immunization.

2. Due to the predominance of hydrophobic interaction in the major binding force,
Nb-11A could recognize quinalphos and its analogues (parathion, triazophos,
and coumaphos).

3. The difference in hydrophobicity of the O, O-diethyl thiophosphate group of the
ligands is the determining factor in the binding affinity differences of Nb-11A to
the four pesticide ligands.

4, Under conditions of high temperature (95°C), 80% MeOH, and 40% ACN,
the network of H-bond was rearranged and the binding pocket was enlarged,
affecting the binding to pesticides and reducing the stability of Nb-11A.

Ultimately, the vital role of Ala 97 and Ala 34 at the active cavity’s bottom and the

Arg 29 and Leu 73 at its entrance played in hapten recognition were further confirmed
by a four site-directed saturation mutant Nb-F3, which exhibited a better performance in
sensitivity and specificity. Thus, this work demonstrated that structure-guided evolution,
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which employed targeted mutagenesis, is effective for maximizing the efficiency to obtain
antibodies with better sensitivity or specificity. The sensitivity and specificity of Nb-F3
still have potential for further enhancement. Therefore, in the future, we can conduct a
new round of evolution based on structural analysis to obtain superior antibodies. The key
amino acid sites in the recognition process can be mutated to reshape the active cavity of
Nb-11A. And then computer simulations can be used to calculate whether the mutant can
effectively recognize quinalphos or other structural analogs. After a theoretical feasibility
assessment, experimental validation of the mutation can proceed. On the other hand, a
better understanding of the recognition of Nb-11A to quinalphos and its analogues could
also facilitate rationalizing the design of specific haptens. The specificity of the hapten
directly determines the specificity of the obtained antibody. Therefore, in order to obtain
an antibody with good specificity to quinalphos, when designing the hapten, the carrier
protein should be connected to the O, O-diethyl thiophosphate group as much as possible,
or consideration should be given to removing the O, O-diethyl thiophosphate group, to
maximize the exposure of benzene ring and pyrazine ring.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Preparation and identification of anti-quinalphos nanobodies.
(A) The sensitivity analysis of nine positive clones by ic-ELISA. The orange bars mean the

potency and the green bars mean the inhibition in the presence of quinalphos (1 pg/mL).

The inhibition rate= (potency value-inhibition value)/potency valuex100%. (B) SDS-PAGE
and western blotting analysis of purified Nb-11A. (C) The standard curve of ic-ELISA based
on Nb-11A. (D to G) The binding isotherm and plotted titration curve for the binding of
quinalphos (D), parathion (E), triazophos (F) and coumaphos (G) to Nb-11A at pH 7.4 and

25°C.
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Figure 2. Overall structure of pesticides ligand bound to Nb-11A.
(A) An overlap of the holo Nb-11A structure shows the similarity between the structures.

CDR1, CDR2, CDR3 and FR3 are shown in blue, green, tv-red and light pink, respectively.
The disulphide bridge is indicated in yellow connecting two cysteines. (B) The electrostatic
potential distribution at the molecular surfaces of holo Nb-11A (negative in red, positive in
blue and neutral in white).
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Figure 3. The binding poses of Nb-11A to pesticide ligands and the pesticide ligands’
hydrophobic properties.

(A to D) Details of the interaction between Nb-11A and quinalphos (A), parathion (B),
triazophos (C) and coumaphos (D). The unbiased 2Fo-Fc density corresponding to the
ligands are contoured at 1o. The carbon atom, nitrogen atom, oxygen atom, phosphorus
atom, sulfur atom, chlorine atom of the ligands are shown in cyan, blue, tv_red, orange,
yellow-orange and green, respectively. The side chains of Nb-11A directly interacting with
the ligands are shown in sticks and labeled. CDR1, CDR2, CDR3 and FR3 are shown in
blue, green, tv-red and light pink, respectively. (E to H) The lipophilic surface of quinalphos
(E), parathion (F), triazophos (G) and coumaphos (H) in opaque (the left) and transparent
(the right) presentation calculated by SYBYL (Provided by professor Xin’an Huang from
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Guangzhou University of Chinese Medicine). The color ramp is the default condition and
the closer the color is to the top of the color ramp, the more hydrophobic it is.
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Figure 4. The thermostability of Nb-11A.
(A) Nb-11A (1 mg/mL) was incubated for 5 min at 20, 37, 50, 65, 80 and 95°C before being

analyzed for binding activity by ic-ELISA. (B) Nb-11A (1 mg/mL) was incubated at 95°C
from 10 min to 60 min before being analyzed for binding activity by ic-ELISA. (C and D)
The RMSD values (C) and RMSF values (D) during a 20-ns MD simulation for Nb-11A at
310 K and 368 K. (E and F) The change of H-bonds number during a 20-ns MD simulation
for Nb-11A at 310 K (E) and 368 K (F). (G and H) The structure alignment of Nb-11A in
MD equilibrium at 310 K (G) and 368 K (H). Nb-11A are shown in magenta for 0 ns and
green respectively for 20 ns.
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Figure 5. The organic solvents tolerance of Nb-11A.
(A) The organic solvent tolerance of Nb-11A. (B and C) The RMSD values during a 20-ns

MD simulation for Nb-11A in MeOH (B) and ACN (C). (D to G) The change of H-bonds
number during a 20-ns MD simulation for Nb-11A in 10% MeOH (D), 80% MeOH (E),
10% ACN (F) and 40% ACN (G). (H to 1) The RMSF values during a 20-ns MD simulation
for Nb-11A in MeOH (H) and CAN (1). (J to M) The structure alignment of Nb-11A in MD
equilibrium in 10% MeOH (J), 80% MeOH (K), 10% ACN (L) and 40% ACN (M). Nb-11A

are shown in magenta for 0 ns and green respectively for 20 ns.
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Figure 6. The preparation and identification of Nb-11A mutant Nb-F3.
(A) SDS-PAGE analysis of purified Nb-F3. (B) The standard curve of ic-ELISA based on

Nb-F3. (C) The cross-section view of binding pocket of Nb-11A (in gray) and Nb-F3 (in
cyan). The key sites are shown in sticks and labeled. The red double-headed arrow indicated
the main gap on bottom. (D) The sequence alignment of Nb-11A and Nb-F3.
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Scheme 1. Workflow of the preparation and structural analysis of the anti-quinalphos nanobody.
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