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Abstract: In this paper, in order to construct a 3D quantitative structure–activity relationship (QSAR) model with the
chlorobenzene (CB) molecular structure parameter as an independent variable and the octanol-water partition coefficient
(KOW ) as a dependent variable, 9 kinds of CB molecules were used as training sets and 3 kinds of CB molecules were
used as test sets. We adopted the QSAR module in the Sybyl-X2.0 software from the Tripos Corporation (USA). The
molecular modification of the pentachlorobenzene molecule with low bioconcentration was carried out by combining
a three-dimensional contour map and fractional factorial design. The results showed that the toxicity, migration,
and enrichment of 17 new pentachlorobenzene molecules with low bioconcentration decreased and their degradability
increased; it was also found that the concentration and amplification effect of the pentachlorobenzene molecules in the
food chain decreased after modification when compared with unmodified pentachlorobenzene, which was determined
by docking premodified and modified pentachlorobenzene molecules with enzymes in living organisms in a food chain
(Chlamydomonas reinhardtii→Daphnia pulex→Danio rerio→pelican). Furthermore, the enrichment capacity of the
modified pentachlorobenzene in some edible animals (such as pigs, cows, sheep, chickens, ducks, rabbits, and fish) also
decreased.
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1. Introduction
Chlorobenzenes (CBs) are a class of aromatic chlorides in which a hydrogen atom is replaced by a chlorine
atom on a benzene ring; depending on the number and position of the chlorine atoms in the benzene ring, there
are 12 homologues. Chlorobenzenes are a kind of synthetic organic compound that exist in the environment;
these molecules are very stable with regard to physical and chemical properties and are not easily degraded
[1]. The pollution characteristics of chlorobenzene organics include a low degradation rate, easy enrichment by
biological accumulation, and persistence as a highly toxic pollutant [2]. With the universal detection of CBs in
the environment and the continuous occurrence of related environmental pollution events, research on CBs has
attracted extensive attention.

CBs have been used in dyes, medicines, pesticides, organic synthesis, and other industries [3], and their
presence in soil, water, sediment, activated sludge, and other environmental media has been detected [4]. The
Stockholm Convention listed hexachlorobenzene as a persistent organic pollutant (POPs) in May 2001 and listed
pentachlorobenzene in May 2009 [5]; hexachlorobenzene, pentachlorobenzene, 1,2,4,5-tetrachlorobenzene, and
∗Correspondence: liyuxx8@hotmail.com

This work is licensed under a Creative Commons Attribution 4.0 International License.
1532

https://orcid.org/0000-0002-4890-9411
https://orcid.org/0000-0002-8840-766X
https://orcid.org/0000-0003-1430-7989


SUN et al./Turk J Chem

1,2,4-trichlorobenzene have also been added to the US Environmental Protection Agency’s list of 31 pollutants
for priority control [6]. Pentachlorobenzene, as an organic source of chlorobenzene, has been used as an
insecticide, flame retardant, and insulating fluid, and it is also used in the synthesis of pentachloronitrobenzene
[7]; furthermore, pentachlorophenol, an organic pollutant derived from pentachlorobenzene, has attracted
attention worldwide because of its strong neurotoxicity, carcinogenicity, and organ-sensitivity [8].

The octanol–water partition coefficient (KOW ) can reflect the ability of organics to distribute in the
octanol phase and aqueous phase, and it is also one of the important parameters used to study the environmental
behavior of organic matter and the distribution behavior of organics in biologics and water [9]. KOW can
be simulated, and this value is closely related to the toxicity [10,11], bioconcentration, and solubility of the
compounds [12,13]. The research objects of the quantitative structure–activity relationship (QSAR) include the
biological activity [14], various physical and chemical properties [15], environmental behaviors [16], and toxicity
and bioavailability of compounds [17,18], and its research fields include chemistry, biology, pharmacy, and
environmental sciences [19]. The study of 3D-QSAR is based on the three-dimensional structural characteristics
of ligands and receptors, and the relationship between three-dimensional structure and biological activity can be
quantitatively analyzed according to the internal energy of molecules and the energy changes of intermolecular
interactions [20]. 3D-QSAR has been used in the fields of biochemistry [21], biomedicine [22], ecotoxicology [23],
oncology [24], antimicrobial agents, and metabolism based on three-dimensional analysis [25,26]. Comparative
molecular field analysis (CoMFA) and hypothetical active site lattice approaches are the common research
methods used for 3D-QSAR [27].

In this study, a 3D-QSARmodel (CoMFA and comparative molecular similarity index analysis (CoMSIA))
based on CB bioconcentration (KOW ) data was established and combined with a fractional factorial design of
17 new CB molecules with low biodegradability, low mobility, low toxicity, and high degradability that were
selected by using 2D-QSAR and molecular docking technology to analyze CB molecules regarding the enrichment
mechanisms of organisms.

2. Materials and methods

2.1. Data sources

The molecular KOW experimental data for the 12 kinds of CBs were introduced from the EPIWEB database,
and the logarithm logKOW of KOW was taken as the indicator of the CBs’ enrichment ability. According to
a ratio of 3:1, 9 data points were randomly selected as the training set, and the remaining 3 data points were
selected as the test set [28,29]. A 3D-QSAR model for CB bioconcentration was then constructed. The selected
enzymes in this study were all obtained from the Protein Data Bank (http://www.wwpdb.org/).

2.2. Main research methods

QSAR models with good fit and good robustness were established by different modeling methods and variable
combinations, and molecular modification sites were determined by a fractional factorial and three-dimensional
equipotential map. Thus, the key factors affecting molecular bioconcentration were identified to help with the
CB molecular design to produce molecules with low bioconcentrations. The bioconcentration mechanism of the
molecules in organisms were studied by the methods of 2D-QSAR and molecular docking.
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3. Results
3.1. Construction, prediction, validation, and analysis of the CB bioconcentration (K OW ) QSAR

model
3.1.1. Construction and evaluation of the QSAR model

Two models of CoMFA and CoMSIA were selected, and the influence rates are shown in Table 1.

Table 1. Molecular field’s contribution to CBs’ KOW of the CoMFA and CoMSIA models.

Model S E H D A
CoMFA 43.2% 56.8% - - -
CoMSIA 0.7% 86.1% 13.2% 0 0

As shown in Table 1, in the CoMFA model, the influence rates of the three-dimensional field (S) and
static electric field (E) on the CB molecules are 43.2% and 56.8%, respectively, showing that the space effect
and the electrical effect both influence the KOW of the CB homologues and that the electrical effect is more
significant than the space effect. In the CoMSIA model, the influence rates of the three-dimensional field (S),
electrostatic field (E), hydrophobic field (H), hydrogen bond donor field (D), and hydrogen bond receptor field
(A) on the chlorobenzene molecules are 0.70%, 86.10%, 13.20%, 0.00%, and 0.00%, respectively, indicating that
the spatial effect, the electric effect, and the hydrophobic effect are influential on the KOW of CB molecules.
The electric effect is the main influencing factor.

The evaluation parameters of the CoMFA and CoMSIA models are shown in Table 2.

Table 2. Evaluation parameters of the CoMFA and CoMSIA models.

Model n q2 r2 SEE F r2pred SEP Q2
CoMFA 7 0.980 1.000 0.028 1156.369 0.975 0.188 0.188
CoMSIA 5 0.989 1.000 0.026 1896.781 0.977 0.180 0.326

As shown in Table 2, the optimal principal component n of the CoMFA model is 7, and the optimal
principal component n of the CoMSIA model is 5. The cross-validation coefficient q2 of the CoMFA model
is 0.980, and that of the CoMSIA model is 0.989; both coefficients are greater than 0.500, indicating that the
predictive ability of the model is relatively high. The non-cross-validation coefficient R2 is 1.000 for both the
CoMFA and CoMSIA models, showing that the predictive results of the two models have high fitting ability
and good stability [30].

3.1.2. Verification and prediction of the QSAR model

The established CoMFA and CoMSIA models were used to predict the activity of the tested set of molecules to
verify the accuracy of the models. According to Gu et al., both models include a linear relationship between the
predicted values and experimental values [31]; the predicted values and experimental values of the linear fitting
correlation coefficients are high at 0.998 and 0.992, respectively, showing that the goodness of fit of the predicted
values and experimental values are higher and that the two models have high internal prediction ability. From
the statistical parameters of the model fitting degree of interaction, the external prediction set interaction test
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coefficient r2pred had values of 0.975 and 0.977, respectively, showing that the models have high stability and a
good prediction ability. Thus, these models can be used to predict the KOW of the CB molecules.

The KOW values of the 12 kinds of CB molecules were predicted by the CoMFA model and CoMSIA
model, respectively, and the predicted results are shown in Table 3.

Table 3. Predicted KOW values of CBs based on CoMFA and CoMSIA models.

Compounds Obs. CoMFA CoMSIA
Pred. RE (%) Pred. RE (%)

Monochlorobenzene 2.840 2.844 0.141 2.844 0.141
1,2-Dichlorobenzene 3.430 3.444 0.408 3.452 0.641
1,3-Dichlorobenzene 3.526 3.513 –0.369 3.526 0.000
1,4-Dichlorobenzene 3.440 3.249 -5.552 3.206 –6.802
1,2,3-Trichlorobenzene 4.050 4.041 –0.222 4.033 –0.420
1,2,4-Trichlorobenzene 4.020 3.976 –1.095 3.986 –0.846
1,3,5-Trichlorobenzene 4.190 4.19 0.000 4.910 17.184
1,2,3,4-Tetrachlorobenzene 4.600 4.619 0.413 4.573 –0.587
1,2,4,5-tetrachlorobenzene 4.640 4.626 –0.302 4.617 –0.496
1,2,3,5-Tetrachlorobenzene 4.560 4.551 –0.197 4.549 –0.241
Pentachlorobenzene 5.170 5.184 0.271 5.195 0.484
Hexachlorobenzene 5.730 5.735 0.087 5.733 0.052

3.1.3. Analysis of factors influencing the molecular bioconcentration of CBs based on a three-
dimensional equipotential diagram

The molecular skeleton structure of the CBs is shown in Figure 1.

Figure 1. Molecular skeleton structure of CBs.

The three-dimensional equipotential diagrams of the CoMFA and CoMSIA models of pentachlorobenzene
molecules were analyzed using the pentachlorobenzene molecule as the target molecule. As shown in Figure 2,
in the steric field, the green region indicates that the introduction of a substituent larger than Cl in this region
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will improve the bioconcentration of pentachlorobenzene. In the electrostatic field, the red region indicates
that the introduction of a substituent with stronger electronegativity than Cl in this region will improve the
bioconcentration of pentachlorobenzene.

Figure 2. Contour maps of CoMFA model: steric fields (A), electrostatic fields (B).

As shown in Figure 2A, in the equipotential diagram of the steric field the green region is distributed
around the substituents at R1 , R3 , R5 , and R6 , indicating that the introduction of substituents larger than Cl
into these positions will increase the bioconcentration of pentachlorobenzene. For example, the bioconcentration
of 1,2,4,5-tetrachlorobenzene is lower than that of pentachlorobenzene because the volume of substituent H at
R3 of 1,2,4,5-tetrachlorobenzene is less than that of the Cl substituent at R3 of pentachlorobenzene. As shown
in Figure 2B, in the equipotential diagram of the electrostatic field, the red region is distributed around the
substituents at R1 , R2 , R3 , R4 , and R5 , indicating that the introduction of more electronegative groups than
Cl at this position will increase the bioconcentration of pentachlorobenzene. For example, the bioconcentration
of 1,2,3,5-tetrachlorobenzene is less than that of pentachlorobenzene because the electronegativity of the H
substituent at R4 of 1,2,3,5-tetrachlorobenzene is less than that of the Cl substituent of pentachlorobenzene
R4 .

As shown in Figure 3, in the steric field, the green region indicates that the introduction of a substituent
larger than Cl in this region will improve the bioconcentration of pentachlorobenzene. In the electrostatic field,
the red region indicates that the introduction of a substituent with stronger electronegativity than Cl in this
region will improve the bioconcentration of pentachlorobenzene. In the hydrophobic field, the yellow region
indicates that the introduction of a hydrophobic substituent stronger than Cl in this region will improve the
bioconcentration of pentachlorobenzene.

Figure 3. Contour maps of CoMSIA model: steric fields (A), electrostatic fields (B), hydrophobic fields (C).
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In Figure 3A, in the equipotential diagram of the steric field, the green region is distributed around
the substituents at R1 , R2 , R3 , and R5 , indicating that the introduction of a substituent with a smaller
volume than Cl in this position will reduce the bioconcentration of pentachlorobenzene. For example, the
bioconcentrations of 1,2,3,4-tetrachlorobenzene, 1,2,4,5-tetrachlorobenzene, and 1,2,3,5-tetrachlorobenzene are
lower than the bioconcentration of pentachlorobenzene because the volume of substituent H at positions R5 ,
R3 , and R4 is smaller than that of substituent Cl.

In Figure 3B, in the equipotential diagram of the electrostatic field, the red region is distributed around
the substituents at R1 , R2 , R3 , R4 , and R5 , indicating that the introduction of a substituent with a stronger
electronegativity than Cl at this position can improve the bioconcentration of pentachlorobenzene.

In Figure 3C, in the equipotential diagram of the hydrophobic field, the yellow region is distributed
around the substituents at R1 , R2 , and R3 , indicating that the introduction of a substituent with a larger
hydrophobicity than Cl at this position will increase the bioconcentration of pentachlorobenzene.

3.2. Determination of low-bioconcentration pentachlorobenzene substitution sites, functional
evaluation, and evaluation of POPs characteristics of the modified molecules

3.2.1. Determination of low-bioconcentration pentachlorobenzene substitution sites based on 3D-
QSAR and fractional factorial design

A fractional factorial design was used to research the main effects, two-factor interactions, and three-factor
interaction effects between different substitution sites to obtain a standard effect diagram to determine substi-
tution sites. Du et al. investigated the effect of different substitution sites of pentachlorobenzene in regard to
its enrichment with the help of Minitab software and adopted the fractional factorial design [32]. According to
the analysis of the equipotential diagram, the structural modification information reflected by the equipotential
diagram and fractional factorial was basically the same, but the blocky regions of the equipotential diagram
were scattered and the molecular field was widely distributed, which makes it difficult to accurately locate
the molecular field’s influence region. Therefore, the more accurate fractional factorization combined with the
equipotential diagram was used to modify the molecule.

3.2.2. Evaluation of flame retardancy and insulation properties of the modified molecules

The positive frequency, bond dissociation enthalpy, and optical energy gap of the modified molecules were
calculated using Gaussian 09, and the results are shown in Table 4.

In Table 4, the positive frequency, bond dissociation enthalpy, and optical energy gap were calculated for
the modified molecules, and we found that the positive frequency of 3-tert-butyl-6-ethyl-pentachlorobenzene is
–11.87 < 0, the positive frequency of 3-amino-6-isopropyl-pentachlorobenzene is –347.38 < 0, and the positive
frequencies of the other molecules are all greater than 0, indicating that most of these molecules can be stable.
To test how the flame retardancy and insulation properties of the modified molecules compared with those of the
target molecule, the bond dissociation enthalpy and optical energy gap of pentachlorobenzene and the modified
molecules, which represent the flame retardancy and insulation properties, were calculated using Gaussian 09.
The lower the enthalpy is, the stronger the flame retardancy; the higher the optical energy gap is, the stronger
the insulation properties. Geometric optimization of all compounds was performed at the b3pw91/6-31 g* level
using density functional theory. The changing range of the bond dissociation enthalpy of the modified molecule
compared with the target molecule is –14.946% to 6.762%, indicating that the flame retardancy of the modified
molecules did not change obviously. The changing range of the optical energy gap compared with the target
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Table 4. The positive frequency, bond dissociation enthalpy, and optical energy gap of the modified molecules.

Compounds Positive-freq. Bond disso. RE (%) Optical en-
ergy gap

RE (%)

Pentachlorobenzene 68.56 86.499 - 0.209 -
2-Methyl-pentachlorobenzene 77.53 88.035 1.775 0.213 1.865
3-Methyl-pentachlorobenzene 68.49 87.657 1.339 0.214 2.343
4-Methyl-pentachlorobenzene 67.79 87.877 1.592 0.212 1.387
3-Tert-butyl-6-methyl-pentachlorobenzene 8.33 73.572 –14.946 0.214 2.343
3-Tert-butyl-6-ethyl-pentachlorobenzene –11.87 - - - -
3-Ethyl-6-methyl-pentachlorobenzene 69.37 88.725 2.573 0.217 3.778
3-Methyl-6-methyl-pentachlorobenzene 34.92 89.073 2.975 0.216 3.300
3-Methyl-6-ethyl-pentachlorobenzene 45.85 88.402 2.199 0.217 3.778
3-Tert-butyl-4-ethyl-pentachlorobenzene 32.53 88.331 2.117 0.208 –0.526
3-Tert-butyl-4-methyl-pentachlorobenzene 23.39 88.549 2.369 0.212 1.387
3-Methyl-4-methyl-pentachlorobenzene 46.35 88.078 1.825 0.216 3.300
3-Methyl-4-tert-butyl-pentachlorobenzene 40.94 86.571 0.083 0.203 –2.917
3-Methyl-4-ethyl-pentachlorobenzene 69.11 88.227 1.997 0.216 3.300
3-Amino-6-hydroxy-pentachlorobenzene 88.86 90.634 4.780 0.179 –14.395
3-Amino-6-isopropyl-pentachlorobenzene –347.38 - - - -
3-Amino-6-isopropyl-pentachlorobenzene 54.46 84.234 –2.619 0.195 –6.743
2-Methyl-4-ethyl-5-tert-butyl-
pentachlorobenzene

33.11 73.940 –14.520 0.217 3.778

2-Hydroxy-4-amino-5-isopropyl-
pentachlorobenzene

55.21 84.297 –2.547 0.204 –2.439

2-Isopropyl-4-amino-5-hydroxy-
pentachlorobenzene

26.42 92.349 6.762 0.199 –4.830

molecule is –14.395% to 3.778%, indicating that there is also no significant change in the insulation properties
of the modified molecules. Compared with the target molecule, the modified molecules had almost no change
in functional characteristics.

3.2.3. Evaluation of the toxicity, mobility, and degradability of the modified molecules

To test whether the properties of the other POPs changed after modification, the toxicity (–logEC50) and
migration (logKOA and logt1/2) of the CB molecular KOW s were predicted by the 3D-QSAR models developed
in this paper. The evaluation parameters of the models are shown in Table 5.

Table 5. Models statistical parameters of –logEC50 , logKOA , and logt1/2 .

Models n q2 r2 SEE F r2pred SEP
–logEC50 5 0.846 0.995 0.119 77.505 0.842 0.371
logKOA 2 0.951 0.992 0.130 360.353 0.871 0.561
logt1/2 7 0.728 0.999 0.035 142.422 0.772 0.306
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The prediction results of the modified molecules’ logKOA , logKOW , –logEC50 , and logt1/2 are shown
in Table 6.

Table 6. Predicted values of molecular modified logKOW , –logEC50 , logKOA , and logt1/2 .

No. Compounds logKOW logKOA -logEC50 logt1/2
CoMSIA RE (%) CoMSIA RE (%) CoMSIA RE (%) CoMFA RE (%)

1 4.45 13.93 5.55 14.48 5.04 12.20 2.54 30.36

2 4.27 17.41 5.74 11.56 5.58 2.79 2.63 27.89

3 4.25 17.79 5.27 18.80 4.83 15.85 2.09 42.70

4 4.38 15.28 5.54 14.64 5.37 6.45 2.73 25.15

5 3.78 26.89 4.66 28.20 5.09 11.32 3.39 7.06

6 3.76 27.27 4.63 28.66 5.04 12.20 3.64 0.20

7 3.93 23.98 4.87 24.96 4.85 15.51 3.04 16.65

8 4.92 4.84 5.63 13.25 5.26 8.36 2.62 28.17
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9 4.96 4.06 5.55 14.48 5.24 8.71 2.43 33.38

10 3.53 31.72 4.71 27.43 4.258 25.82 2.80 23.23

11 4.73 8.51 5.65 12.94 5.49 4.36 3.03 16.93

12 3.67 29.01 4.96 23.57 4.79 16.55 3.18 12.81

13 4.30 16.83 5.43 16.33 5.48 4.53 2.46 32.55

14 3.74 27.66 4.80 26.04 4.39 23.52 3.64 0.20

15 4.21 18.57 4.54 30.05 4.59 20.03 2.21 39.41

16 3.86 25.34 4.73 27.12 4.47 22.13 2.25 38.31

17 4.35 15.86 4.65 28.35 4.71 17.94 3.08 15.56
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There are many factors that affect the bioconcentration of CB molecules. In this paper, 17 novel molecules
were obtained by modifying pentachlorobenzene. According to the model predictions, the logKOW value of
the modified molecules was significantly reduced, with a maximum reduction of 31.70%. Their mobility and
toxicity were reduced and their degradability was increased, indicating that the modified molecules conform to
the concepts of environmentally friendly molecules.

3.3. Bioconcentration mechanism analysis before and after pentachlorobenzene modification based
on the 2D-QSAR model

Obtaining the molecular structure parameters is one of the key steps in the study of 2D-QSAR, and it is very
important to select the appropriate structural parameters for the establishment of the model. According to
studies on the relationship between the structural parameters of pentachlorobenzene and the bioconcentration
of the modified compounds, such as that conducted by Yang et al., it has been found that selection of the
appropriate quantitative parameters can be performed by continuously establishing regression equations [33].
Parameters of the pentachlorobenzene molecules before and after modification were calculated by Gaussian 09
software. Quantized parameters, such as dipole moment (µ , Debye), optical energy gap (V), most negative
density charge number (q− , e), the most positive density charge number (q+ , e), molecular energy (TE, eV),
highest occupied molecular orbital (EHOMO) , and lowest occupied molecular orbital (ELUMO) , were obtained
as independent variables, and taking the logKOW data as the dependent variable, the multiple linear regression
equation was established using SPSS. Finally, the dipole moment (µ , Debye), optical energy gap (V), most
negative density charge number (q-, e), most positive density charge number (q+ , e), and molecular energy
(TE, eV) were selected, and the 2D-QSAR model of bioconcentration before and after molecular modification
was established. According to the data standardization formula, the equation relating logKOW to the quantum
chemical parameters before and after molecular modification can be derived as follows:

Molecular equation of CBs before modification:

logKOW = 28.42− 0.165µ+ 82.36V + 99.583q− − 10.854q+ (1)

Molecular equation of CBs after modification:

logKOW = 83.693 + 0.026µ− 220.661V − 129.682q+ + 19.369q− + 8.548× 10−4TE (2)

For the 2D-QSAR model representing molecular bioconcentration, R2 was 0.821 and 0.893 (>0.8), and
Sig was 0.042 and 0.023 (<0.05), and all of these values passed the significance test [34]. From Eq. (1), the
most negative density charge number is the main factor affecting the bioconcentration of molecules before
modification, while from Eq. (2), the optical energy gap is the main factor affecting the bioconcentration of
molecules after modification. By analyzing the CB molecular equation established before and after molecular
modification, the logKOW parameter equation for the modified CB molecules is related to the dipole moment
(µ , Debye), optical energy gap (V), most negative density charge number (q− , e), most positive density
charge number (q+ , e), and molecular energy (TE, eV), while the bioconcentration equation before molecular
modification has nothing to do with the quantization parameter of molecular energy (TE, eV). These results
indicate that the decrease in the bioconcentration of the modified molecule might be caused by the change
in molecular energy. The parameter coefficients of the dipole moment and the most negative density charge
number are positive, while the optical energy gap, most positive density charge number, and molecular energy
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have negative values for the molecules after modification. These results show that the molecular dipole moment
and the most negative density charge number have positive effects on the bioconcentration of the modified
molecules, the optical energy gap, and the most positive density charge number, while the molecular energy has
negative effects on the bioconcentration of the modified molecules.

3.4. Risk assessment of the enrichment of pentachlorobenzene in organisms before and after
modification based on molecular docking technology

3.4.1. Risk assessment of the enrichment of pentachlorobenzene in the food chain before and after
modification

Molecular docking is a technique that simulates the binding of pollutant molecules to proteins in organisms,
and the scoring function is used to judge the strength of their ability to combine. The enrichment of pollutant
molecules in organisms was analyzed, and the differences of enrichment ability before and after molecular mod-
ification were compared in the organisms. The chlorobenzene organic pollutants were enriched and amplified
through the food chain [35]. In this article, four species were selected: Chlamydomonas reinhardtii, Daphnia
pulex, Danio rerio, and pelican, which can form a food chain in nature (C. reinhardtii→D. pulex→D. re-
rio→pelican). It is possible to reduce the concentration of pollutants in the human body by reducing the
enrichment at each trophic level of the food chain [36].

As shown in Table 7, the pentachlorobenzene scoring function values of enzymes in C. reinhardtii, D.
pulex, D. rerio, and pelican are 1.2939, 1.041, 0.899, and 0.307, respectively. It can be seen from the data that
the binding ability of pentachlorobenzene to the enzymes in C. reinhardtii is higher because the selected enzymes
are degrading enzymes; as the molecule is better able to bind the enzymes, the score of the function value is
higher and thus the pollutants are less likely to accumulate in organisms. The algae are at the very bottom
of the food chain. If we can reduce the ability of pollutants to accumulate in algae, then the concentration of
pollutants in organisms at high nutrient levels can be effectively reduced, as can the toxicity of pollutants to
organisms. The mean score functions of enzymes in C. reinhardtii, D. pulex, D. rerio, and pelican with the
modified molecules are 2.563, 2.220, 1.841, and 1.383, respectively. It can be seen from the data that when the
modified molecules are compared with the target molecule (pentachlorobenzene), their ability to bind to enzymes
in organisms has been greatly improved, indicating that the enrichment capacity of the pollutants is reduced in
organisms. For example, except for the score function value of 3-methyl-pentachlorobenzene (No. 2), docking
with enzymes being reduced in C. reinhardtii, the degree of improvement is obvious. For example, the molecular
improvement effect of 3-methyl-6-ethyl-pentachlorobenzene (No. 7) and 3-methyl-4-ethyl-pentachlorobenzene
(No. 12) reached 160.298% and 168.413%, respectively.

In Figure 4, for the modified molecules in the food chain, the enrichment ability is reduced at each trophic
level, and in addition, the amplification process is lower than it was before the modification, indicating that the
degree of damage to organisms after molecular modification is reduced.

3.4.2. Enrichment capacity analysis of pentachlorobenzene in some organisms before and after
modification

Sus scrofa, Bos taurus, Ovis aries, Danio rerio, Gallus gallus, Anas platyrhynchos, and Oryctolagus cuniculus
are directly edible animals, so reducing the enrichment of pollutants in these organisms can effectively reduce
the enrichment capacity of pollutants in the human body. The following animal species are abundant and have
a certain representative classification: S. scrofa (omnivorous animal); B. taurus, O. aries, and O. cuniculus
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Table 7. The score function values of enzymes in the food chain before and after modification of pentachlorobenzene.

No. C. reinhardtii D. pulex D. rerio Pelican
Dock score RE (%) Dock score RE (%) Dock score RE (%) Dock score RE (%)

PeCB 1.293 - 1.041 - 0.899 - 0.307 -
1 2.011 55.422 2.108 102.498 1.656 84.205 0.804 161.889
2 0.921 –28.819 1.905 82.997 1.872 108.231 0.799 160.261
3 1.820 40.660 2.724 161.671 1.249 38.932 0.686 123.453
4 3.102 139.740 1.665 59.942 1.571 74.750 1.018 231.596
5 2.564 98.161 1.605 54.179 2.500 178.087 1.204 292.182
6 2.587 99.938 2.220 113.256 2.001 122.581 1.515 393.485
7 3.368 160.298 2.869 175.600 1.645 82.981 1.451 372.638
8 2.950 127.993 3.123 200.000 1.477 64.294 1.639 433.876
9 3.211 148.164 4.572 339.193 1.680 86.874 1.358 342.345
10 2.706 109.135 1.019 –2.113 2.600 189.210 1.67 443.974
11 2.827 118.487 1.601 53.794 1.794 99.555 1.483 383.062
12 3.473 168.413 2.780 167.051 2.570 185.873 0.993 223.453
13 2.457 89.891 0.212 -79.635 2.417 168.854 1.366 344.951
14 2.242 73.275 2.207 112.008 1.373 52.725 1.288 319.544
15 2.349 81.544 2.275 118.540 1.303 44.939 1.967 540.717
16 2.767 113.850 2.954 183.766 1.580 75.751 2.994 875.244
17 2.081 60.832 1.914 83.862 2.017 124.360 1.278 316.287

PeCB: pentachlorobenzene.

Figure 4. Amplification of risk assessment in the food chain before and after pentachlorobenzene modification.

(herbivorous animals); D. rerio (aquatic animal); and G. gallus and A. platyrhynchos (poultry animals). As
shown in Table 8 and Table 9 , the enrichment capacity of a large number of molecules after modification was
decreased compared with that before modification, and the enrichment capacity of the polysubstituted molecules
was significantly lower than that of the monosubstituted molecules, thus supporting the design philosophy for
environmentally friendly molecules. As shown in Figure 5, the enrichment capacities after molecular modification
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in S. scrofa, B. taurus, O. aries, D. rerio, G. gallus, A. platyrhynchos, and O. cuniculus were all decreased by
different degrees, and the average degree of decrease was more obvious in A. platyrhynchos, O. aries, and S.
scrofa.

Figure 5. Schematic diagram of enrichment capacity of pentachlorobenzene in organisms before and after modification
(blue area + orange area represents the enrichment capacity of pentachlorobenzene in organisms before modification,
while blue area represents the enrichment capacity of pentachlorobenzene after modification).

3.5. Bioconcentration mechanism of pentachlorobenzene before and after modification based on
amino acid residues analysis

Molecular docking technology is used to study the binding of molecules to enzymes, and the binding ability of
the molecule to the enzymes was analyzed according to the results of the scoring function. The binding ability
of molecules to enzymes depends on the sites selected at the time of binding, and the amino acid residues around
different sites are different. In this study, hydrophilic and hydrophobic groups were taken as examples. The
more hydrophobic groups there are around the molecule, the stronger the ability of the molecule to bind to the
enzyme [37]. Taking pentachlorobenzene and 3-tert-butyl-6-methyl-pentachlorobenzene as examples (randomly
selected), the enzyme binding capacities of C. reinhardtii, D. pulex, D. rerio, and pelican were analyzed to
determine the molecular enrichment capacity in the physical body.

In Figure 6, the schematic diagram of pentachlorobenzene molecule binding to enzymes in C. reinhardtii
(A) and D. pulex (B) is shown. In Figure 6A, the hydrophobic amino acid residues are mainly ILE27, LEU41,
and PHE40, while the hydrophilic groups are HIS30, LYS58, and GLN53; in Figure 6B, the hydrophobic groups
are PRO5, while the hydrophilic groups are CYS22, ARG23, THR4, and ASP6. Based on the number of
hydrophobic groups around the binding site, we inferred that the binding ability of pentachlorobenzene to
the enzyme in C. reinhardtii is stronger than that of pentachlorobenzene to the enzyme in D. pulex, which
is consistent with the score of molecular docking technology (the score function of the pentachlorobenzene
molecule binding to the enzyme in C. reinhardtii was 1.293 and the score function of the enzyme in D. pulex
was 1.041). According to the distribution of hydrophobic amino acid residues around the molecule, the enzyme
binding abilities of pentachlorobenzene in the organisms were as follows: C. reinhardtii > D. pulex > D. rerio
> pelican.
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Table 8. Enrichment capacity of pentachlorobenzene in common organisms before and after modification.

No. S. scrofa O. aries B. taurus
Dock score RE (%) Dock score RE (%) Dock score RE (%)

PeCB 0.775 - 0.760 - 0.968 -
1 1.054 36.000 1.214 59.660 1.645 69.850
2 0.655 –15.480 1.384 82.050 1.096 13.200
3 1.587 104.774 1.010 32.860 0.976 0.810
4 1.583 104.258 3.045 300.447 1.131 16.860
5 1.987 156.387 1.840 142.062 0.637 –34.080
6 2.439 214.710 1.676 120.439 0.791 –18.280
7 2.419 212.129 2.479 225.990 1.830 88.980
8 3.041 292.387 1.905 150.612 1.206 24.590
9 1.998 157.806 1.567 106.103 0.954 –1.520
10 1.823 135.226 2.056 170.459 2.001 106.621
11 2.235 188.387 2.538 233.816 1.848 90.890
12 3.142 305.419 1.331 75.010 0.950 –1.840
13 2.263 192.000 1.707 124.490 2.229 130.221
14 3.145 305.806 3.201 321.031 2.069 113.716
15 2.156 178.194 2.676 251.993 2.204 127.629
16 1.369 76.645 2.478 225.924 1.243 28.341
17 3.641 369.806 2.428 219.295 3.930 305.918

PeCB: pentachlorobenzene.

Figure 6. Schematic diagram of the distance between amino acid residues and pentachlorobenzene (before modification).

In Figure 7, a microscopic diagram of the binding of the 3-tert-butyl-6-methyl-pentachlorobenzene
molecule to enzymes in C. reinhardtii (A) and D. pulex (B) is shown. In Figure 7A, the microstructures
of 3-tert-butyl-6-methyl-pentachlorobenzene (No. 4) binding with enzymes in C. reinhardtii show that the hy-
drophobic amino acid residues around the enzyme binding site of C. reinhardtii were mainly ILE27, ALA60, and
PRO62, and the hydrophilic amino acid residues around the site were mainly HIS19, ASN24, CYS18, GLN53,
and LYS58. In Figure 7B, for the microstructures of 3-tert-butyl-6-methyl-pentachlorobenzene (No. 4) binding
with enzymes in D. pulex, the hydrophobic amino acid residues around the enzyme binding site of the molecule
in D. pulex were mainly PRO5, and the hydrophilic residues were mainly SER2, HIS3, and THR4. There
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Table 9. Enrichment capacity of pentachlorobenzene in common organisms before and after modification.

No. G. gallus O. cuniculus A. platyrhynchos H. sapiens
Dock score RE (%) Dock score RE (%) Dock score RE (%) Dock score RE (%)

PeCB 0.419 - 1.571 - 0.256 - 1.0711 -
1 0.585 239.689 1.728 9.994 0.405 258.258 2.455 129.194
2 0.677 261.720 1.400 –10.885 0.813 417.493 2.386 122.780
3 0.635 251.613 1.203 –23.425 0.553 315.736 2.254 110.391
4 0.114 127.264 1.858 18.269 1.358 630.379 4.020 275.278
5 0.428 202.151 2.049 30.426 0.785 406.521 3.181 196.947
6 1.181 382.127 2.146 36.601 1.246 586.685 3.125 191.728
7 1.047 350.203 2.076 32.145 2.712 1158.766 3.461 223.126
8 0.399 195.293 2.012 28.071 1.234 581.804 4.255 297.264
9 0.823 296.726 1.501 –4.456 0.313 222.218 4.068 279.796
10 0.921 320.072 2.170 38.129 1.610 728.817 3.516 228.251
11 0.383 191.613 1.451 –7.638 1.033 503.202 2.706 152.675
12 0.855 304.349 1.542 –1.846 0.375 246.505 4.169 289.198
13 0.358 185.472 3.587 128.326 0.358 239.711 2.995 179.572
14 0.190 145.329 2.845 81.095 1.236 582.702 3.831 257.642
15 1.587 479.188 3.095 97.008 1.129 540.765 4.366 307.656
16 1.294 409.295 2.630 67.409 1.179 560.328 4.016 274.914
17 1.355 423.728 3.509 123.361 0.964 476.533 5.001 366.941

PeCB: pentachlorobenzene.
are more hydrophobic amino acid residues and hydrophilic amino acid residues around the enzyme binding
site in C. reinhardtii, but the ratio of hydrophobic amino acid residues to hydrophilic amino acid residues was
higher than that for D. pulex. Therefore, it is concluded that the binding ability of the 3-tert-butyl-6-methyl-
pentachlorobenzene molecule to enzymes in C. reinhardtii is higher than that of D. pulex, and this result is
consistent with the scoring function value (the scoring function value of the enzyme in C. reinhardtii is 3.102
and the scoring function value of the enzyme in D. pulex is 1.665). Figure 8 shows a schematic diagram of the
enzyme in C. reinhardtii docking with pentachlorobenzene and 3-tert-butyl-6-methyl-pentachlorobenzene (No.
4).

Figure 7. Schematic diagram of the molecular distance between amino acid residues and 3-tert-butyl-6-methyl-
pentachlorobenzene (after modification).
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Figure 8. Schematic diagram of enzyme in Chlamydomonas reinhardtii docking with pentachlorobenzene and 3-tert-
butyl-6-methyl-pentachlorobenzene.

To further explore the influence of the properties of amino acid residues on molecular docking, we
performed a quantitative measurement of the distance between the amino acid residues and the molecules,
and the calculation results are shown in Table 10 and Table 11.

Table 10. Distances between the hydrophilic residues and hydrophobic residues of pentachlorobenzene.

Compounds Pentachlorobenzene
Hydrophilic residues Distance Hydrophobicresidues Distance

C. reinhardtii
HIS30 4.8 ILE27 4.9
LYS58 3.2 LEU41 4.2
GLN53 4.5 PHE40 4.2

D. pulex

CYS22 5.0 PRO5 7.0
ARG23 3.3 - -
THR4 4.4 - -
ASP6 5.3 - -

D. rerio
CYS37 3.5 TYR39 4.0
- - VAL81 4.7
- - PRO82 5.6

Pelican
THR2 6.4 ALA1 4.0
SER5 10.7 PRO3 3.9
- - ALA4 8.8

From the perspective of amino acid residues, the binding abilities of molecules to enzymes in organisms
were affected by the number of hydrophobic and hydrophilic groups around the binding site and the distance
between these groups and the amino acid residues. The more hydrophobic amino acid residues located around

1547



SUN et al./Turk J Chem

Table 11. Distances between the hydrophilic residues and hydrophobic residues of the modified molecules.

Compounds 3-tert-butyl-6-methyl-pentachlorobenzene (No. 4)
Hydrophilic residues Distance Hydrophobicresidues Distance

C. reinhardtii

CYS18 3.7 PRO62 4.5
HIS19 4.2 ILE27 3.7
ASN24 4.5 ALA60 4.8
GLN53 3.1 - -
LYS58 4.5 - -

D. pulex
THR4 4 PRO5 3.9
HIS3 4.7 - -
SER2 4.0 - -

D. rerio
THR36 3.8 PRO38 5.3
CYS37 3.6 TYR39 3.4
THR80 4.4 VAL81 4.5

Pelican
THR2 4.3 ALA1 4.2
- - PRO3 3.8
- - ALA4 3.4

the docking site and the closer the distance between the docking molecules and the amino acid residues, the
better the docking effect was.

4. Conclusions
According to the 3D-QSAR model results, the established model has strong stability and a good prediction
ability. Seventeen new CB molecules with low logKOW values were selected based on a three-dimensional
contour map and fractional factorial design. The migration and toxicity of the novel CB molecules with low
biological enrichment were reduced to a certain degree, their degradability was increased, and their functional
characteristics remained basically unchanged.

Furthermore, the enrichment of premodified and modified pentachlorobenzene molecules was simulated by
molecular docking technology, and it was found that the enrichment and amplification of the modified molecules
in organisms through the food chain was significantly lower than that before molecular modification. At the
same time, the study also found that the enrichment ability of modified molecules in some edible organisms also
decreased to varying degrees, thus reducing the enrichment in the human body. From the perspective of 2D-
QSAR and amino acid residues, the reasons for the differences in the enrichment ability of pentachlorobenzene
and their derivatives in different organisms were explained.
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