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ABSTRACT: Most immunoassays for determination of small molecules are still designed on the basis of the “trial and error”
method, due to the lack of understanding of antibody recognition. In the present study, we developed a heterologous indirect
competitive enzyme-linked immunosorbent assay for determination of triazine herbicides, with limits of detection for 11 triazines
ranging from 0.05 to 29.4 ug/L. Mechanisms of the antigen—antibody interaction were studied by computer-aided molecular
modeling (CAMM)-based quantitative structure—activity relationship analyses. Co-effects of the analytes’ substructural
hydrophobic, electrostatic, and steric fields on antibody recognition were further revealed. Hydrophobicity of the antigens was
demonstrated to have the most important impact. Even less exposed substituents provided hydrophobic force to the antigen—
antibody interaction. Dislocated orientation of analyte functional groups could lead to steric hindrance and hydrophobic
misleading of antibody recognition. This may happen even when the antigens contained the same substituent as the hapten.
Frontier orbital energies also affect the reaction significantly. This study highlights of the power of CAMM-based analyses,

providing insights into antibody recognition of small molecules.
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B INTRODUCTION

Immunoassay is widely used in clinical, environmental, and
food analysis, due to its high accuracy, sensitivity, low cost, and
rapidity. To establish sensitive immunoassays, specific antibod-
ies must be available. Small molecules should be coupled to
carrier proteins to obtain immunogenicity prior to immuniza-
tion. Therefore, functional groups should be introduced to
haptens to conjugate with proteins."” An optimal immunizing
hapten for expected analytes has to be a near-perfect mimic of
those molecules.> Most designs of haptens and small-molecular
immunoassays are based upon the immunochemists’ experi-
ences and “trial and error” methods, owing to the lack of
understanding of the antigen—antibody interaction mecha-
nism.* The empirical design, the introduced spacer arm, and
the structural influence by protein may lead to unpredictable
structural changes or reduce the rationality of hapten design.
Only a few studies have focused on theoretlcal or molecular-
level analyses of the antigen—antibody reaction,>® relying upon
empirical analyses or nonquantitative assessments.

In recent years, computer-aided molecular modeling
(CAMM) has been applied to help design haptens rationally,
by which specific antibodies have been generated.”® CAMM-
based quantitative structure—activity relationship (QSAR)
analyses can explain the cross-reactivities of the established
immunoas.says.‘*’g_11 However, in these studies, most analyses
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were built on the basis of whole molecular structures of
analytes, and important features associated with substructures
received insufficient attention. For example, contributions of
the antigens’ hydrophobicity, one of the most important impact
factors in antibody recognition, were not shown due to the
limitations of the three-dimensional (3D) QSAR algorithm
adopted in these earlier reports.

Triazines are herbicides used worldwide that may remain in
ground, water, soil, and many food products, and thus they
have become a matter of concern throughout the world.'* In
the present work, a heterologous immunoassay with broad
specificity for the detection of triazine herbicides was
developed. Furthermore, QSAR methodologies were employed
on the basis of experimental data from the developed
immunoassay in order to explain the mechanism of triazine—
antibody interaction. In brief, a genetic function approximation
(GFA) algorithm-based 2D-QSAR model, a Hologram (H-)
QSAR model, and a comparative molecular similarity indices
analysis (CoMSIA) algorithm-based 3D-QSAR model have
been employed to examine the molecular effects. These
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methodologies can determine specific properties and groups of
the analyte molecules that affect the antibody recognition and
provide insights into the antigen—antibody interaction.

B MATERIALS AND METHODS

Chemicals and Reagents. Triazine standards, bovine serum
albumin (BSA), ovalbumin (OVA), complete and incomplete Freund’s
adjuvant, 3,3',5,5'-tetramethylbenzidine (TMB), and horseradish
peroxidase (HRP) were purchased from Sigma—Aldrich (St. Louis,
MO). Goat anti-mouse IgG (H+L) HRP conjugate (secondary
antibody, 1 mg/mL) was purchased from Promega (Madison, WI).
Protein A—Sepharose 4B was from Amersham Biosciences (Uppsala,
Sweden).

Carbonate buffer (0.05 M carbonate, pH 9.6) was used for coating
antigen onto microtiter plates. Phosphate-buffered saline (PBS) (10
mM phosphate, 137 mM Na', and 2.7 mM K', pH 7.4) was used to
dilute immunoreagents and samples. Phosphate-buffered saline with
0.05% Tween 20 (PBST) was applied to wash microtiter plates after
each reaction step.

Hapten Design. The common chemical structure of 11 triazines,
as well as different substituent groups of haptens 1 and 2 and the 11
triazines labeled as R1, R2, and R3, are shown in Table 1. To provide

Table 1. Substituents of the Triazines

Ry
oy
o
Rz)\N Ry
compd R1 R2 R3
hapten 1 Cl NH- NH-
CH(CH,), (CH,),COOH
hapten 2 S— NH- NH-CH(CH,),
(CH,),COOH  CH(CH,),
atrazine Cl NH- NH-C,H;
CH(CH,),
propazine cl NH- NH-CH(CHj;),
CH(CHY),
prometryn S—CH;, NH- NH-CH(CHj;),
CH(CH,),
ametryn S—CH; NH- NH-C,H;
CH(CHs;),
prometon O—-CH, NH- NH-CH(CH;),
CH(CHa;),
terbuthylazine ~ Cl NH-C(CH;); NH-C,Hg
simazine Cl NH-C,H; NH-C,H;
desmetryn S—CH, NH- NH-CH;
CH(CHs;),
terbumeton O—-CH, NH-C(CH;); NH-C,H;
simetryn S—CH;3 NH-C,H; NH-C,H;
terbutryn S—CH, NH-C(CH,);  NH-C,H;

immunogenicity to small molecules, functional groups should be
introduced to haptens to couple with carrier proteins. Hapten 1 was
designed with a chlorine atom and an isopropylamine group in R1 and
R2 positions, respectively, with N-butyl acid at R3 position to expose
the epitope. For hapten 2, two isopropylamines were exposed with S-
propyl acid supporting.

Preparation of Haptens and Hapten—Protein Conjugates.
The haptens were designed and synthesized in our previous work."
Both haptens were applied to couple with BSA and OVA to prepare
the immunogens and coating antigens, respectively. All the conjugates
were prepared with the activated N-hydroxysuccinimide (NHS) ester
method."*

Production of Polyclonal Antibodies. Both immunogens were
used to immunize New Zealand white rabbits (two rabbits for each
immunogen) according to the following protocol.' Five injections of
immunogen at 2-week intervals were given to each New Zealand white

rabbit. For each rabbit, the initial immunizing was performed with the
mixture of 1 mg of immunogen and Freund’s complete adjuvant (1:1
v/v, 2 mL per rabbit). Then subsequent booster injections were
performed with half doses. Ten days after the final boost, the antisera
were collected. After purification by protein A—Sepharose 4B affinity
chromatography, the IgG fraction was dialyzed and its concentration
was 2.6 mg/mL (detected by UV spectrophotometry).

Enzyme-Linked Immunosorbent Assay. Enzyme-linked immu-
nosorbent assay (ELISA) was established on the basis of the common
protocol of indirect competitive enzyme-linked immunosorbent assay
(icELISA)."*'” Coating antigen (100 gL of 1 ug/mL) was coated onto
each well in microplates at 4 °C for 16 h. Afterward, 200 uL of 0.5%
skim milk powder (diluted with PBS) was used to block each well at
37 °C for 1 h. Then the analytes and optimized dilutions of antibodies
dissolved in PBS (40,000-fold diluted for homologous ELISAs and
10,000-fold diluted for heterologous ELISAs), SO uL/well for each,
were simultaneously added and the plates were incubated for 1 h at
room temperature, followed by 10,000-fold diluted secondary antibody
incubation at 37 °C for 30 min. TMB chromogenic substrate was
added to characterize the reaction. After each step, a PBST washing
step was carried out. The color development was stopped by adding S0
uL of 2.5 M H,SO,, and the absorbance values were read in dual-
wavelength mode (450 nm as test wavelength and 650 nm as reference
wavelength).

Cross-Reactivities. The icELISA was used to determine the
polyclonal antibody (pAb) specificities and cross-reactivities (CRs).
For atrazine and propazine, standards were diluted from 40 ug/L. For
prometryn, ametryn, prometon, and terbuthylazine, standards were
diluted from 200 pg/L. For simazine and desmetryn, standards were
diluted from 1000 pg/L. For terbumeton, simetryn, and terbutryn,
standards were diluted from 5000 pg/L. All standards were S-fold
gradient-diluted. Inhibition ratios, sensitivities (defined as half-maximal
inhibition concentration values, IC;), and CRs were calculated as

A — A ..
inhibition ratio (%) = M X 100

control — 4‘blank

where A refers to absorbance, control values were results tested
without analytes, and blank values were results without pAb and
analytes.)

IC, value (micrograms per liter) refers to the concentration of
analytes that could provide an inhibition ratio of 50%. The cross-
reactivity values were calculated according to

IC,, (atrazine, pg/L)
ICq, (analyte, pg/L)

CR (%) = X 100

Quantitative Structure—Activity Relationship Analyses.
Minimum energy conformations of all triazine structures were
calculated by use of Hyperchem 8.0 (Hypercube Inc., Gainesville,
FL) and Discovery Studio 2.5 (Accelrys Software Inc., San Diego,
CA). Briefly, molecular mechanics force field MM+ was used to
preoptimize the structures,'® followed by a AMI1 semiempirical
quantum chemical optimization'® to obtain minimum energy
conformations.

From the energy-minimized triazine structures, molecular param-
eters of triazine molecules were calculated, including steric properties
[molecular volume, surface area, molecular polar surface area,
refractivity, and polar moment of inertia (PMI)], hydrophobic
properties [logarithm of octanol/water partition coefficient (log P)
and molecular solubility], and other physicochemical parameters
[molecular weight, number of hydrogen-bond acceptors/donors,
number of rotatable bonds, polarizability, dissociation constant
(pK,), dipole moment, lowest unoccupied molecular orbital energy
(ELumo), highest occupied molecular orbital energy (Eyomo),
differences between Ej 0 and Eyopo (AEy_) (the frontier orbital
parameters were calculated in the DMol3 mode)]. In order to
understand what and how antigen properties affected the antibody
recognition, CAMM-based QSAR calculations were made, and the
results were analyzed. Pearson correlation analysis, GFA algorithm-
based 2D-QSAR model, HQSAR model, and CoMSIA algorithm-
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based 3D-QSAR model analyses have been carried out. Since antigen—
antibody reaction is a molar-dependent quantity, molar units were
used in the structure—activity relationship studies.* Experimental 1Cs,
data in mass units were converted to molar units. pICg,, defined as
—log ICs, (in molar units), was used to indicate the activities of
antibody recognition.

Pearson Correlation Analysis and Genetic Function Approx-
imation Two-Dimensional Quantitative Structure—Activity Rela-
tionship Calculation. Pearson correlation analysis was performed with
experimental pIC, data and calculated molecular parameters by use of
PASW Statistics 18.0 (SPSS Inc., Chicago, IL). GFA algorithm was
applied to build a 2D-QSAR model with the help of Discovery Studio
2.5. The experimental data, pICsy, were used as dependent variables,
and calculated molecular parameters were used as independent
variables. The calculation protocol was set as follows: linear was
chosen as the model form, the equation length was set as 1—4, and all
other parameters were kept as default.

Hologram Quantitative Structure—Activity Relationship Calcu-
lation. Sybyl-X 1.1 (Tripos Inc., St. Louis, MO) was used to build the
HQSAR model. First, the triazine molecular structures were imported
to establish a database. After the optimization of hologram lengths,
atom count in fragments, and information sources, followed by the set
of best model selection protocol (with the least standard error), a
spreadsheet was created with the experimental pICg, data. HQSAR
was then run to build a model, with which the fragment contributions
could be visually investigated.

Comparative Molecular Similarity Indices Analysis Three-Dimen-
sional Quantitative Structure—Activity Relationship Calculation.
The CoMSIA model was built with Sybyl-X 1.1. The triazine molecular
structures were imported into a database. In conjunction with
Gasteiger—Hiickel charges, standard Tripos force field with 8 A cutoff
for nonbonded interactions was used to add charges to the molecules,
with a 0.005 kcal/(mol-A) termination gradient, and a dielectric
constant of 1.0. The maximum iteration was set as 1000. All molecules
were aligned to match the skeleton of the common structure (atoms
1-8, see Figure 1). With a spreadsheet filled with experimental pICq,

4N')\ 2
N5 N

N7

Figure 1. Skeleton of the common structure, with which all molecules
were aligned.

values and data calculated with 3-D CoMSIA (steric, electrostatic, and
hydrophobic fields were used, and the attenuation factor was set as
0.3), partial least-squares (PLS) with a leave-one-out (LOO) cross-
validation was applied to build the model. The CoMSIA field was used
as an independent variable, and the pICy, activity value was used as a
dependent variable.

B RESULTS AND DISCUSSION

Hapten Design. Two haptens were synthesized (Table 1).
For hapten 1, a chlorine atom and an isopropylamine group
were exposed in the hapten—protein conjugate. For hapten 2,
two isopropylamine groups were exposed in the hapten—
protein conjugate.

Haptens 1 and 2 were synthesized and both were applied to
prepare immunogens and coating antigens. Antibodies were
generated, with which ELISAs for the detection of triazine
herbicides were established.

Establishment of Enzyme-Linked Immunosorbent
Assays. Four permutations of ELISAs, using both hapten-
generated antibodies and coating antigens, were developed.

After the optimization of reaction conditions, the optimal
ELISA procedures were obtained. The sensitivities (represented
by ICy,) of atrazine in the homologous (Ho-) and heterologous
(He-) ELISAs are shown in Table 2. The antibody generated by

Table 2. Sensitivities (IC,)“ of Atrazine in Homologous and
Heterologous ELISAs

type of hapten

type of ELISA antibody coating antigen IC, (ug/L)
HoELISA 1 hapten 1 hapten 1 18.4
HoELISA 2 hapten 2 hapten 2 29.7
HeELISA 1 hapten 1 hapten 2 1.9
HeELISA 2 hapten 2 hapten 1 2.7

“ICs, concentration of the analyte that inhibits the maximum signal
intensity by 50%.

hapten 1 provided more sensitive recognition for atrazine than
the antibody based upon hapten 2. It is widely considered that a
proper heterologous competitive antlgen could help the
immunoassay obtain better sensitivity.”” In the present study,
the HeELISAs performed much more sensitively than the
HoELISAs. With the best sensitivity to atrazine, HeELISA 1,
which employed the antibody generated by hapten 1 and the
coating antigen conjugated by hapten 2, was selected for further
study.

Immunoassay Sensitivity and Specificity. Eleven
triazine structural analogues were applied to evaluate the
specificity of the developed ELISA (HeELISA 1). Standard
curves are shown in Figure S-1, Supporting Information. The
limits of detection (LODs, defined as IC;5)*"** of the 11
triazines ranged from 0.0S to 29.4 pg/L, which were lower than
the maximum residue limits (MRLs) for most samples. Thus,
this broad-specificity ELISA can be used as an effective tool for
monitoring triazine residues.

The IC, values, LODs, and CRs of the triazines based upon
the optimal ELISA (HeELISA 1) are listed in Table 3. Atrazine

Table 3. IC,;, Limits of Detection, and Cross-Reactivities of
Triazines from HeELISA 1

compd ICq, (ug/L) LOD (ug/L) CR (%)
atrazine 1.9 0.15 100.0
propazine 1.6 0.05 119.9
prometryn 10.3 14 18.7
ametryn 13.3 2.3 14.5
prometon 13.7 2.6 14.1
terbuthylazine 18.1 1.0 10.6
simazine 58.5 4.6 33
desmetryn 98.3 12.1 2.0
terbumeton 163.2 10.6 12
simetryn 197.9 21.0 1.0
terbutryn 295.8 294 0.6

and propazine had the best sensitivities (1.9 and 1.6 ug/L,
respectively). In addition, the antibody recognition of
prometryn, ametryn, and prometon were much lower (ICg, =
10.3, 13.3, and 13.7 ug/L, respectively), although they have the
same R2 and R3 groups as atrazine and propazine. This result
indicated that R1 was critical in the antigen—antibody
interaction. With less similar functions, other triazines provided
variable recognition by the antibody.
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However, what properties and how groups affected the
antibody—antigen interaction from the quantitative perspective
were still not well understood. Therefore, CAMM-based QSAR
analyses were performed to provide deeper insights.

Quantitative Structure—Activity Relationship Anal-
yses. QSAR analysis is a computational method by which
chemical structure is quantitatively correlated with a biological
or chemical reactivity.”> In recent years, computational
molecular modeling and simulation have been applied to
obtain the optimal molecular structures, and CAMM-based
QSAR analysis has been developed.**~"! In the present study,
advanced algorithms and methods were applied to give a
reasonable explanation to the antigen—antibody interaction.

Pearson Correlation Analysis and GFA Algorithm-Based
2D-QSAR Analysis. Pearson correlation analysis was carried out
to evaluate the correlations between the experimental data
pICs, (defined as —log ICs,) and the calculated molecular
descriptors. The result of correlation analysis indicated that log
P, which represents the hydrophobicities of the compounds,
showed the highest correlation with pICs, (r = 0.748). As a
result, it was assumed that the antigens’ hydrophobicity played
an important role in antibody recognition. However, other
molecular properties including steric or electrostatic effects,
which may affect the antibody recognition, were not reflected.
Consequently, a 2D-QSAR model was built to evaluate the co-
effects of the molecular properties.

GFA models are created by evolving random initial models
by use of a genetic algorithm; they offer a new approach to the
problem of building QSAR models.** In the present work, GFA
algorithm was used to identify important descriptors so as to
build a 2D-QSAR model. The predictive ability of the model
was determined by “leave-one-out” (LOO) cross-validation,
which involves use of a single observation from the original
sample as the validation data and the remaining observations as
the training data.”® In the validation method of LOO, the value
of statistical characteristic q* is considered as a proof of
predictive ability of a model. The equation of the QSAR model
was concluded as follows:

pIC,, = —5.74 + 5.611og P + $2.0 0 + 0.0232PMI

where n = 9, R = 0.943, ¢* = 0.514, and Py < 0.001. In this
model, ametryn, atrazine, desmetryn, prometryn, propazine,
terbumeton, terbutryn, simetryn, and simazine were chosen as
the training set to establish the model. Prometon and
terbuthylazine, which could represent different classes of
triazine molecules, were chosen as the test set to assess the
accuracy and predictive ability (shown in Figure 2, n = 9). R
higher than 0.9 and Py lower than 0.001 indicated that this
model was significantly correlated with the dependent variable,
pICso. ¢* higher than 0.5 demonstrated that this model had
high predictive ability. Further, as shown in Figure 2, since the
training spots and the test spots were clustered to the trend
line, which had a slope close to 1, it was demonstrated that the
model possessed a high correlation and predictive ability.
Hydrophobic (log P), electrical (lowest unoccupied molecular
orbital energy, Ejyyo), and steric (polar moment of inertia,
PMI) properties of the analytes co-affected the antibody
recognition. It has been reported that frontier-orbital energy
may play an important role in antibody recognition.** In the
correlation analysis, E; 0 had high correlation with R1 group
(Erumo had correlations of —0.818 and —0.892 for R1 surface
area and log P, respectively). It indicated that R1’s ability to
accept electrons may affect the antibody recognition. However,

pIC50 (Experimental)
-4 -3 -2 @ 0

-0.5

Terbuthylazine 5

A Prometon 2

pIC50 (Predicted)

-3.5

Figure 2. Two-dimensional QSAR model (n = 9): experimental vs
predicted pICs, values by GFA analysis. Training set (O) and test set
() were used in this model. The spots were close to the trend line
(—) and the y = x line (--), indicating that the model performed with
high correlation and predictive ability.

what groups and how substructural properties three-dimen-
sionally affected the antibody recognition was not clear yet.
Consequently, HQSAR and CoMSIA analyses were performed
to do further studies.

HQSAR Analysis. Molecular Hologram QSAR is a new
computer-implemented technique that employs specialized
fragment fingerprints (molecular holograms) as predictive
variables of biological activity. All possible fragments are
color-encoded to show how compounds affect the biological
activity.27

To build the HQSAR model, training set and test set were
chosen in the same manner as those used to build the 2D-
QSAR. The experimental pIC, values were used as the
dependent variable. Based upon the optimized parameters of
the model (atom count in fragments, 3—S; information sources
were atoms, bonds, and hydrogen atoms), an HQSAR model
was built showing high correlation (R* = 0.889) and predictive
ability (q*, 00 = 0.724). The energy-minimized conformation of
hapten 1, as well as the molecular fragments’ contribution to
pICs, is shown by color coding (Figure 3). Green and yellow
regions represent fragments providing positive contributions to
the reaction that increase the antibody recognition. Red and
orange contours indicate regions providing negative contribu-
tions. White fragments had no or little contribution. All
molecules are in their energy-minimized conformations. White
color on the hapten does not provide any contributions to the
antibody recognition but only provides 3-D structure.

An interesting fact provided by the HQSAR analysis is that
although most of the triazines have isopropylamine groups at
their R2 position, they had opposite contributions. For atrazine
and propazine, which had the highest sensitivities in the ELISA,
the isopropylamine groups at R2 contributed positively to
antigenicity. On the contrary, the isopropylamine at R2 of
ametryn, desmetryn, prometon, and prometryn had negative
contributions. It is apparent that positive-contribution-playing
isopropylamine groups at R2 (atrazine and propazine) kept
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Figure 3. Structural contribution to antibody recognition for triazines
based upon HQSAR analysis. Green and yellow regions represent
positive contribution; red and orange represent negative contribution.

away from the R1 groups, the same as the structure of the
hapten. On the other hand, the isopropylamine groups in the
other four triazines approach the R1 groups and create negative
contributions. Likewise, although simazine has similar sub-

structures as the hapten, its R2 group approaching Rl
decreased the antibody binding and made the sensitivity of
simazine far worse than expected. In sum, even though
structural analogues have the same function in one position,
different functions in other positions could cause steric
variations to it and may lead to a totally opposite contribution
to the antibody recognition.

The chain in R3 of the hapten was expanded with a
direction-relative approach to R1. No matter whether it was
isopropylamine or ethylamine, the R3 substituent’s approach to
R1 contributed positively to the reaction. Conversely, R3
substituents that kept away from R1 played negative roles.
Desmetryn was an exception. The R3 away from R1 substituent
contributed positively. This is probably because the methyl-
amine at its R3 position was so small that it could be received
by the formed R3 pocket even if the group was in a dislocated
direction.

It is apparent that, for triazines with the same groups in R1
and R2, more hydrophobic R3 groups provided more
hydrophobic contributions according to the HQSAR model.
For instance, prometryn with a more hydrophobic R3 group,
isopropylamine, showed better recognition (ICs, = 10.3 ug/L)
than ametryn (ICs, = 13.3 pug/L) with an ethylamine at R3.
Desmetryn with a methylamine had even worse sensitivity
(ICsy = 983 ug/L). The same situation happened with
propazine (ICg, = 1.9 ug/L) and atrazine (ICsy = 1.6 pg/L). It
is demonstrated that although R3 position of the hapten was
employed to link to proteins and was considered to be less
exposed to antibody recognition, the R3 group could provide
hydrophobic force to the antigens, thus significantly increasing
the antibody recognition. This conclusion coincided with our
previous inference of antibody recognition of phenylurea
herbicides (PUHs), which also have substituents at the same
position as the one used to link to carrier proteins, providing
hydrophobic forces to the PUH antigens.'® Therefore, it is
further demonstrated that the hydrophobic contribution played
by these less exposed protein-linking groups should not be
ignored.

Three-Dimensional QSAR Analysis. Three-dimensional
QSAR is applied to calculate the force field at 3D level. Steric
fields, electrostatic fields, and other related descriptors are
concerned in the calculations of 3D-QSAR. Three-dimensional
QSAR analysis has been introduced to the antigen—antibody
interaction study via the algorithm of comparative molecular
field analysis (CoMFA).”"" The standard COMFA procedure
requires the specification of both conformations and alignments
of molecules. Meanwhile, only steric and electrostatic
contributions are shown with the CoMFA model, but the
hydrophobic contribution, which is generally considered as a
critical force in antigen—antibody interaction, is not provided.®
Therefore, important information could be lost if CoMFA is
used to explain antibody recognition. As an upgraded and
complementary technique, comparative molecular similarity
indices analysis (CoMSIA), introduces hydrophobic and
hydrogen-bond indices to supplement the steric and electro-
static indices. Further, CoMSIA can reduce computational
sensitivity to small changes in molecular alignments or grid
orientations. The evaluation of CoMSIA fields is performed via
a probe atom within lattice box, in which aligned molecules are
embedded.***

In the present study, CoOMSIA QSAR model was employed
to examine molecular effects on antibody recognition. Three
physicochemical properties—steric, electrostatic, and hydro-
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phobic fields—were evaluated to build the CoMSIA algorithm-
based 3D-QSAR model. The CoMSIA analysis yielded R* of
0.997 with standard error of the estimate of 0.077, and the
cross-validated correlation coefficient g* was 0.518. These
statistical parameters validated acceptable correlation and
predictability of the established model.

Contributions to antibody recognition of hydrophobic, steric,
and electrostatic fields were 50.4%, 32.4%, and 17.2%,
respectively. It was indicated that the hydrophobic interaction
was the critical point of the triazine—antibody reaction, which
coincided with correlation analysis described above. Steric and
electrostatic variation also affected the antibody recognition
significantly. The result of CoMSIA analysis was displayed as
color-coded contours around the molecules, allowing visual
identification of regions responsible for favorable/unfavorable
interactions with the antibody (Figure 4).

For the hydrophobic interactions of R1 (Figure 4a), the
graphic model indicates that the chlorine, sulfur, and oxygen
atoms in RI1 position had positive contributions to the
hydrophobic interaction, so as to increase antibody recognition.
However, the substituents linked to these atoms at R1 position
led to decreased interaction by the hydrophobic fields.
According to the steric model (Figure 4b), these substituents
also sterically hindered the antibody recognition, which was
generated by the hapten with only a chlorine atom in its R1
position. In the electrostatic model (Figure 4c), the chlorine,
sulfur, and oxygen atoms in Rl position contributed positively
to the reaction.

The substituents at R2 position approach Rl groups and
have negative effects on the reaction, according to both
hydrophobic and steric analyses (Figure 4a,b). Conversely, R2
groups with the same direction as that of the hapten provided
positive steric contribution to the antibody recognition. The R3
substituents approaching R1, in the same direction as that of
the hapten, provided hydrophobic and steric positive
contributions to antibody recognition, while the dislocated
ones had negative effects. This result coincided with HQSAR
and indicated that not only did the dislocated direction of the
substituents sterically hinder binding to the antibody but also
the hydrophobicities misled the binding force.

On the basis of the CoMSIA model, it can be concluded that
hydrophobic, steric, and electrostatic fields have played
important roles in the antigen—antibody interaction. The
chlorine, sulfur, and oxygen atoms in R1 position have provided
electrostatic effects on antibody recognition. Meanwhile, the
direction of the substituents in R2 and R3 groups is shown to
be very important to the reaction, too. Even though the
analytes had the same substituent in one position, different
substituents in other positions may lead to the variation of its
direction and affect the antibody recognition.

Spike and Recovery Study. Drinking water sample
(purified water) free from triazines (checked by HPLC) was
collected from the local market. Recoveries of the 11 triazine
herbicides in drinking water were determined by icELISA. The
sample water was spiked with triazines in different concen-
trations (three concentrations for each triazine: 1, 10, and 50
ug/L for atrazine and propazine; 10, 20, and 50 ug/L for
prometryn, prometon, ametryn, and terbuthylazine; 50, 100,
and 200 pg/L for simazine and desmetryn; and 100, 200, and
500 pg/L for terbumeton, simetryn, and terbutryn; three
replicates for each test). Afterward, 9.55 mg of “PBS-forming
ingredient” (containing 8 mg of NaCl, 0.2 mg of KCl, 1.15 mg
of Na,HPO,, and 0.2 mg of KH,PO,), which was the first time
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Figure 4. Contour bulks of CoMSIA hydrophobic, steric, and
electrostatic fields. (a) Hydrophobic field: cyan contours indicate
regions where groups increase antibody recognition (positive) and
white contours indicate regions where groups decrease the activity
(negative). (b) Steric field: green contours are for positive regions,
yellow contours are for negative ones. (c) Electrostatic field: blue
contours are for positive regions and red contours are for negative
ones.

applied to eliminate the matrix effects as far as we know, was
added to each milliliter of spiked water sample. Recoveries of
the established ELISA for all triazine herbicides ranged from
72.2% to 116.8% (Figure S). It was indicated that the “PBS-
forming ingredient”, with which the PBS standard solution was
imitated, could eliminate the matrix effect in purified water
samples. This method provides not only convenient cleanup for
accurate detection of water samples but also a pretreatment
without any dilution step to remove matrix effects, which
exponentially decrease the sensitivity. The immunoassay
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Figure 5. Recoveries of triazine herbicides in drinking water. Three concentrations were spiked for each triazine, and three replicates were performed

for each test.

developed here can be suitable for the detection of trace levels
of triazines in drinking water.

In the present study, a heterologous indirect competitive ELISA
was established to detect 11 triazine herbicides with all LODs
lower than 30 ug/L. To gain insight regarding the mechanism
of antibody recognition, QSAR methodologies were applied to
study the effects of different groups and properties of the
analytes on the antigen—antibody interaction. The results
demonstrated the following: (1) The antigens” hydrophobicity
played the most important role in antibody recognition. (2)
Hydrophobic, electrostatic, and steric properties of the analytes
co-affected antibody recognition. (3) Frontier orbital energies
and electrostatic fields of the R1 substituents affected antibody
recognition. (4) Substituent groups of the analytes in dislocated
directions caused steric hindrance and hydrophobic misleading
of the antibody recognition, even though the antigens had the
same substituents as the hapten. (S) A group of hapten used to
link to carrier protein is less exposed to immune system and is
consequently considered to be little contributive to the
reaction.'® However, the substituents in this position could
provide hydrophobic force to the antigens and thus significantly
affect the antigen—antibody interaction.

Both GFA algorithm-based 2D-QSAR and CoMSIA
algorithm-based 3D-QSAR were, for the first time, applied in
the study of antigen—antibody interaction. This CAMM-based
methodology was demonstrated as a suite of tools to provide
insights into antibody recognition of small molecules.
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