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ABSTRACT

Polyhalogenated carbazoles (PHCZs) are persistent chemical pollutants increasingly detected in different
environmental matrices. They are structurally and chemically similar to other persistent organic pollutants
(POPs), which are capable of disrupting the endocrine systems. However, PHCZs such as 3-chloro-9H-
carbazole (3-CCZ), 3-bromo-9H-carbazole (3-BCZ), and 36-dibromo-9H-carbazole (36-BCZ) are rarely
discussed in the context of their adverse effects on human health. Using molecular docking to investigate
the potential toxicity of these PHCZs with the human androgen receptor (AR), this study finds that 36-
dibromo-9H-carbazole and 3-bromo-9H-carbazole are potential AR antagonists, with the former being
more toxic than the latter. This finding is on account of the presence of both Asn705 and Thr877 in the
hydrophobic interaction of 36-BCZ, while only Thr877 is found in the hydrophobic interaction of 3-BCZ.
Hence, PHCZs with higher bromine substitutions are more likely to be endocrine disruptors. Moreover,
their binding sites with the human androgen receptor are similar to that of the androgen (agonist).
Therefore, this study suggests that PHCZs may readily penetrate and disrupt the human androgen receptor
(AR), providing the groundwork for future research studies and experimental validation on the molecular
docking employed.

Keywords: Polyhalogenated carbazoles; molecular docking; endocrine disruptors; antagonist,
human androgen receptor, agonist

INTRODUCTION

Polyhalogenated carbazoles (PHCZs) are persistent and bio-accumulative emerging pollutants
which occur in various environmental media (Yue et al., 2020). Their structural similarity to other
well-known pollutants such as polychlorinated biphenyls (PCBs), polychlorinated dibenzofurans
(PCDFs), and dioxins reflects their potential adverse effects on the environment and to human
health, particularly in endocrine systems (Yue et al.,, 2020). The United States Environmental
Protection Agency (USEPA) reported that endocrine-disrupting chemicals (EDCs) alter both the
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endocrine systems and the homeostasis systems, which are indispensable in the optimal
functioning of living organisms (Lauretta et al., 2019; Kiyama et al.,, 2015). These EDCs are
grouped according to their origin, but PHCZs are not formally included because of the limited
mechanisms of their toxic effects as potential EDCs as well as their controversial distribution
globally. Despite the lack of information on the global distributions, occurrence, and sources of
these organic pollutants, the presence of the PHCZ pollutants in the environment continues to rise
because of industrial wastes and wastewater discharges (Lauretta et al., 2019).

Common research targets of numerous studies are 3-chloro-9H-carbazole (3-CCZ), 3-bromo-9H-
carbazole (3-BCZ), and 3,6-dibromo-9H-carbazole (36-BCZ) due to their wide detection in the
environment. For instance, the study by Mumbo et al. (2017) showed that these three PHCZ
compounds, along with 3,6-dichloro-9H-carbazole (36-CCZ) slowly degrade in the aquatic
environment as their maximum wavelength absorptions are in the near-ultraviolet region (295,
296, 299, and 301 nm) (Kiyama et al., 2015; Yan et al., 2018). Moreover, 3-CCZ is reported to be
among the persistent PHCZs in soil samples due to its halogenation effects. It stays in the soil for
more than 120 days, exceeding the European Chemicals Agency (ECHA) benchmark guidelines
(Kiyama et al., 2015). A number of published articles relate the high structural similarity of these
three PHCZs and dioxin-like compounds (DLCs) as indication that the former can induce the
adverse physiological effects of the latter (Ma et al., 2019). For instance, 3-BCZ and 36-BCZ are
two of the nine PHCZs that can be docked in the same binding site of dioxins (Ma et al., 2019). Ji
etal. (2019) further reported that both 3-CCZ and 3-BCZ have the same level of potency as that of
the dioxins.

Meanwhile, the human androgen receptor (AR) serves as the target receptor for this study.
Human AR regulates the actions of androgens, which have important role in the development and
function of the reproductive, musculoskeletal, cardiovascular, immune, and neural systems
(Davey and Grossmann, 2016). It is a soluble protein from the nuclear receptor (NR) super family,
which is responsible for the different regulations of the physiological functions in the body (Xu et
al,, 2013). It binds to androgens (agonist) with strong affinity to initiate the male reproductive
development and growth (Tan et al, 2015). However, once the AR malfunctions upon binding
with an antagonist, androgen insensitivity syndrome (AIS) occurs (Tan et al.,, 2015). AlS is a
disorder in the external and internal genitalia in which a person with this condition has sexual
development abnormality. Other related endocrine disorders include decreased sperm count,
infertility and diabetes mellitus (Wahl and Smiesko, 2018).

Several predictive models for ecological risk assessments involves comprehensive studies on the
mechanistic interactions of these pollutants to their respective target sites (Escher and Hermens,
2002). Practical use of this approach can offer a possibility to reduce animal studies in the
laboratory and eliminate tedious experiments that are often contentious and costly (Villeneuve
and Garcia-Reyero, 2011). With the advent and development of several computational programs,
researchers can veer away from the relatively costly use of the conventional testing paradigm.
Hence, the use of such programs can address the complicated risk analysis of pollutants that
usually comes with copious toxicological data. The National Research Council proposed
computational methods such as molecular docking to aid in evaluation and assessment of toxic
compounds (Huang and Zou, 2010). Molecular docking is used to predict the binding modes and
affinities of ligands to its target macromolecule or protein (Huang and Zou, 2010). It serves as an
efficient technique to predict the effects of the interactions between contaminants and associated
target receptors (Walker and McEldowney, 2013) by identifying the most favorable binding
mode(s) of the ligand to its target (Schleinkofer et al,, 2006). With a relatively easy and robust
computational approach, such as molecular docking, the binding modes and affinities of the
PHCZs to the AR are predicted (Escher and Hermens, 2002). Direct binding at the target binding
pockets is an essential mechanism to determine whether emerging pollutants such as PHCZs are
possible endocrine-disruptors or not. Molecular docking analysis can therefore guide the
researchers in evaluating the different chemical toxicity endpoints of the environmental
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contaminants, typically employed in cell-based bioassays, reporter gene assays, in vivo/ex vivo
evaluation assays and omic-based investigations.

The complexity of the ecological and toxicological risks of PHCZs led the present study to
investigate the different interactions of the 3 PHCZs, such as 3-chloro-9H-carbazole (3-CCZ), 3-
bromo-9H-carbazole(3-BCZ), and 3,6 -dibromo-9H-carbazole(3,6-BCZ) to the human Androgen
Receptor (AR) via molecular docking. PHCZs which have origins from anthropogenic byproducts
are known for their persistent bioaccumulation in the environment. This explains why PHCZs
have received much research attention. However, despite the publication of several studies
providing evidence of their occurrence and distributions in the environment (Guo et al., 2017),
their detrimental effects on living organisms are yet to be explored extensively, thus limiting the
availability of the information pertinent to the mechanism of action of PHCZs (Yue et al., 2020).
To date, there is no comprehensive study focused on the mechanistic, biochemical interactions of
PHCZs with AR yet. The present work aims to contribute to the empirical research on the PHCZs
by: 1) identifying the main interactions between different classes of PHCZs and AR, 2) studying
the differences in the mode of interactions of these compounds with the protein receptor, and 3)
deducing general insights relevant to the assessment of the potential binding sites for interactions
with AR as influenced by the type and nature of halogen substitutions in PHCZs. Molecular models
depicting the relationship of the chemical structures of these PHCZs with their respective binding
interactions with AR were also explored. However, for this study, there was no attempt to
characterize the absorption, distribution, metabolism, and/or excretion of the PHCZs in silico as
these are intended to be determined experimentally via molecular (DNA) testing, as part of the
future validation studies. The main computational software/applications used to carry out these
modeling studies were Autodock Tools, IBM SPSS Statistics 25, and Biovia Discovery Studio 2020.

METHODS

All software programs and web servers used in this study are accessible and can be downloaded
for free. Most of the parameters employed are adapted from different related literatures
(Villeneuve and Garcia-Reyero, 2011; Kamerlin et al., 2020; Huang and Zhou, 2010; Walker and
McEldowney, 2013; Schleinkofer et al., 2006; Guo et al, 2017; Singh et al., 2017), but some
modifications were made depending on which suit best with the objectives of this study and on
what can be accommodated by the computational programs employed in this study.

Materials and Software. The crystal form of AR in PDB format was downloaded at the Protein
Data Bank (PDB code: 2PNU), while the 3D conformers of 3-CCZ, 3-BCZ, and 36-BCZ in SDF were
obtained from PubChem. The following software programs/web server were utilized to ensemble
and characterize the docked conformations of each ligand; Swiss PDB Viewer, Avogadro, Pymol,
AutodockTools, Biovia Discovery Studio, IBM SPSS Statistics 25.

Pocket Detection. A pocket detection server CASTp 3.0 (Computed Atlas of Surface Topography
of proteins) was employed to visualize and list the receptor’s (PDB ID: 2PNU) pocket sites, which
contain the participating amino acid residues (Villeneuve and Garcia-Reyero, 2011). This
webserver uses the solvent accessible, molecular surface model and a standard default probe
radius of 1.44 to compute the volumes and areas of these pockets (Tian et al,, 2018). It was able
to identify a total of 27 pockets, which represent the regions in the AR that can be accessible to
different ligands and substrates for binding. However, in this study, only the first three pockets
with the largest volumes were considered in this study, since they are most likely the active sites
of the protein to which the ligand can interact with (Kamerlin et al., 2020). Table 1 provides the
list of the participating amino acid residues in these pockets alongside their respective exact
volumes and areas. For clarification, active sites are defined as the cavities in the protein which
serve as potential binding sites for the ligands as these could contain the most number of amino

Volume 33, Number 2, July-December 2022 « KIMIKA



4 Ma. Juryst Chelsea A. Armas and Dahlia C. Apodaca

acid residues which can possibly interact with the AR. As shown in Table 1, Pocket 1 is considered
as the most active site of the human AR as it exhibits the largest volume and surface area, which
constitutes most of the amino acid residues which can be crucial to the binding. According to
literatures, it also contains the functionally important residues such as Asn705 and Thr877 in the
androgen binding sites from which agonists and antagonists significantly interact with (Tamura
et al.,,2008).

Table 1. Active Pockets of the Human AR (PDB ID: 2PNU)

Pocket No. Area Volume Amino Acid Residues Involved

1 333.839 193.496 Leu701, Leu704, Asn705, Leu707, Gly708, GIn711,
Leu712, GIn738, Tyr739, Trp741, Met742, Met745,
Val746, Ala748, Met749, Arg752, Phe764, Met780,
Met787, Leu873, His874, Phe876, Thr877, Leu880,
Phe891, Met895, 11€898, 11899, GIn902, Val903,
11e906

2 136.254 53.252 Glu681, Pro682, Gly683, Val684, Val685, GIn711,

His714, Val715, Trp718, Leu744, Met745, Ala748,

Arg752, Tyr763, Phe764, Ala765, Pro766, Phe804,
Lys808

3 39.262 18.237 Pro671, Phe673, Leu674, Glu837, Arg840, [1e841,
Cys844, Thr800, GIn802, Glu803, Cys844

Macromolecule Preparation. The ligands that form complex with the AR were removed in
Pymol, while Swiss PDB viewer was used to optimize the AR. Energy minimization computations
was done in vacuo GROMOS96 43B1. This forcefield repairs the distorted geometries of the AR to
achieve its most stable conformation since its initial structure was intended for its original bound
ligands. An energy minimized report was then displayed upon completion of the optimization.
The optimized AR was read in AutodockTools (ADT) using its graphical user interface (GUI). The
water molecules were removed, while hydrogens and Gasteiger charges were added and assigned
in the AR, respectively. The resulting file was saved in new PDB format for later docking.

Ligand Preparation. The SDF format of the ligands was converted in PDB file using Open Babel.
Geometry optimization of the molecular structure of the ligands was carried out using Avogadro.
Since the ligands are organic compounds, MMFF94 was selected as the forcefield extension
(Cerqueira et al.,, 2016), while the operating algorithm used was the steepest descent to reduce
the net forces on the atoms (Jaidhan et al., 2014). All calculations were set to default as this is a
typical workflow for small input ligands such as the PHCZs (Sikakwe et al, 2020). Energy
minimization was achieved when dE has reached zero (Cerqueira et al., 2016). Then, each of the
optimized ligands was converted to PDBQT format using Open Babel and was saved for later
docking.

Molecular Blind Docking. AutodockTools program was used to dock the PHCZs and the AR. The
docking’s working environment was created by copying the autodock4 and autogrid4 extension
files from the Scripps Research Institute folder. The prepared files of the ligand and the receptor
were placed in the same working environment. Then, the link address of the folder was copied
and pasted into the startup directory of ADT. The PDB file receptor was loaded, followed by the
ligand. Blind docking was carried out by adjusting the grid box at the center of the ligand, covering
the entire area of the macromolecule thereby allowing the ligand to rotate freely. The Autogrid4
extension file was run together with the grid parameter file (GPF) to generate the receptor map
files of the atoms. For the docking parameter file (DPF), a genetic algorithm (GA) was utilized as
the search parameter to generate docked conformations (Wang et al, 2003). Seventy (70)
independent dockings per ligand were carried out to produce ten (10) results x three (3) PHCZs
bound ligand poses per target. The population size and the maximum number of evaluations were
set to 300 and 250000, respectively, while all other parameters were set to default (Xu et al,,
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2013). Table 2 summarizes the input values needed for GA depending on the number of torsions
of the ligand. To save the docking parameter file (DPF), Lamarckian GA (4.2) was selected for the
sampling complex conformation formed by the ligand and AR. The autodock4 extension file and
the DPF were run to generate the docking log file (DLG).

Table 2. General guidelines for Energy Evaluations of Rigid Ligands and Proteins

Number of Torsions GA_num_evals GA_num_generations
*0 25000 to 250 000 27 000
1-10 250 000 to 25 000 000 27 000
>10 >25 000 000 27 000

*torsion defined for the ligands in this study

Autodock then provides the docking scores in kcal/mol, which served as the predicted binding
energies of the complex. It can be found in the second column of the DLG file once the program
has finished the computation. Autodock uses a systematic search method that explores the
ligands’ binding modes and accounts for any energy changes during docking or complex
formation (Pantsar and Poso, 2018). Intermolecular energies such as Van der Waals, hydrogen
bonding, desolvation, and electrostatic energies all contributed to the total docking score of each
docked conformation (Schleinkofer et al, 2006 ). The docking results were presented in a
histogram using Origin® Pro to visualize the three most populated clusters per PHCZ, that is,
those containing the highest possible number of conformations (Xu et al., 2013).

Hierarchical Clustering Analysis (HCA) and Principal Component Analysis (PCA). The docking
scores of the 10 x 3 bound ligand poses per target were used as the weighing factor for principal
component analysis (PCA) and hierarchical cluster analysis (HCA). HCA clusters each Result No.
based on the similarities of docking scores by applying agglomerative schedule hierarchical
clustering using Ward’s method and Euclidean distance measure (Sikakwe et al., 2020). Ward’s
method is commonly used for quantitative variables, which analyzes the variance of the clusters
by merging smaller clusters but are further apart. To simplify the large set of the data, only the
main cluster with the smallest level of the Euclidean distance formed is selected, and its
corresponding subclusters are subjected to further analysis. The HCA of this study did not
consider the subclusters formed at a much lower distance if they belong to a higher cluster.
Meanwhile, PCA used a correlation matrix to reduce the large dataset of the docking scores
clustered in each Result No. by converting them into principal components (PC). Only the
principal component (PC) with eigenvalues greater than 1 was retained as it contains the most
number of important information in the dataset (Sikakwe et al., 2020). Both analyses were
performed using IBM SPSS Statistic 25. The conformation with the lowest docking score
contained in the significant Result Nos. from HCA and PCA was loaded in Biovia Discovery Studio
2020 to enable the characterization of the ligand-AR interactions.

Statistical Analysis. The significant differences among the binding energies and RMSD values of
the 3 PHCZs were tested using one-way Analysis of Variance (ANOVA) in IBM SPSS Statistics 25
software. The test is said to be significant if p-value < 0.05.

Validation Protocol. The known AR antagonists, such as prochloraz and vinclozolin, were
individually docked with the AR. The results were then compared with results from published
studies (Singh et al,, 2017; Tian et al., 2018) to validate the present work. Meanwhile, docking of
the PHCZs with androgen, a known agonist, was also performed. This validation was done
following the foregoing procedures. Meanwhile, details on the overall molecular docking analysis
employed in this study is shown in Figure 1.
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Figure 1. Overview of the docking procedure employed in this study.

RESULTS AND DISCUSSION

Validation Results. To test the robustness of the docking protocol employed in this study,
exogenous ligands, such as vinclozolin and prochloraz, were individually docked with human
androgen receptor (AR) for 70 independent runs. The docking results in Figure 2 show that
prochloraz produced a relatively higher number of conformations compared with vinclozolin,
attributable to the presence of more rotatable bonds on the structure of prochloraz, as illustrated
in Figure 3. This finding is consistent with the readings of Autodock that prochloraz and
vinclozolin consist of 8 and 2 rotatable bonds, respectively. According to Schleinkofer et al.
(2006), searching for the complexes’ possible conformations increases exponentially due to the
highly branched torsions or more rotatable bonds in a ligand. Hence, the findings provide
plausible evidence that docking results are time-variant, suggesting that extended calculation is
observed as the input ligand becomes larger. This distinct variation is consistent with the rigid
body docking principle, that is, the search for search for conformational space for complexes
whose ligands with < 6 rotatable bonds, is significantly faster without compromising accuracy,
thereby, producing fewer conformations per cluster.

Further, the docking protocol employed in this study was able to establish hydrophobic
interactions between AR and two amino acid residues, namely, Thr877 and Asn705 (Table 3). Such
interactions demonstrated the ability of these ligands as AR antagonists. With reference to the
findings of the Comparative Molecular Field Analysis (CoMFA), the structural diversity of AR
antagonists is addressed by relating their mechanistic behavior through the Near 10 A Polar
Interaction rule (Tamura et al., 2008). This rule hypothetically states that the distance for the
interactions of the antagonists to the receptor should be less than 10 A to prevent any H-bond
interactions with Thr877 and Asn705 (Tamura et al., 2008). The observed potential binding
interactions are in agreement with this rule as well as with the published reports, suggesting
formation of predominantly hydrophobic interactions. Accordingly, this imply that both
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prochloraz and vinclozolin are AR antagonists. Hence, the docking procedure employed may be
considered as satisfactory to meet the objectives of this study.
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Figure 3. Chemical structure of (a) Prochloraz and (b) Vinclozolin as sketched in Chem Draw
Pro®.

Table 3. Validating the Docking Protocol employed in this study via comparison with
information indicated in published literature.

Ligand Hydrophobic Interactions with Thr877 and Asn705
This study Literature (Singam et al., 2019 and Ma et
al,, 2019)
Prochloraz observed reported
Vinclozolin observed reported

Docking of PHCZs to the Human AR. Foremost, the computational approach employed in this
study considers the protein receptor as rigid. As such, this study only considered the flexibility
of the PHCZs by taking on different possible conformations as each binds with the protein
receptor. Blind docking was done since the potential binding sites for the PHCZs in the human AR
were not predetermined and that PHCZs are not originally bound in the human AR, therefore,
their target pockets and potential binding sites are also not known. Blind docking will maximize
the search for the binding sites within the receptor. If the PHCZs were made to bind with just a
specific predetermined binding sites as indicated with previous studies, this study will be limited
to assume that it will be the best binding site and the only binding site possible, neglecting that,
binding could be influenced by possible ligand-specific (in this case PHCZs)-effects, which this
study primarily sought. Thus, blind docking was performed using a docking box to determine the
potential binding sites of the PHCZs. The coordinates of the docking box are not limited to certain
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values as long as it is larger than the default docking box, which is enough to cover the entire AR
allowing the PHCZs to move freely (Ghersi and Sanchez, 2009). In every docking, the parameters
of the docking box vary to maximize the search for possible binding sites. Hence, the conformation
or the orientation of each PHCZs also varies for each generated binding site. For instance, the
PHCZs were individually blind docked with AR, and results show that 3-BCZ contains the highest
number of conformation (Figure 4). The possible conformations of 3-BCZ in each Result No. are
relatively similar to that of the 3-CCZ and 36-BCZ. This finding is due to the highly rigid structure
of all these PHCZs, with their rings completely fused, as shown in Figure 5. However, the complex
with the highest number of conformations does not automatically imply that it has the strongest
affinity, among others. This is because not all the predicted conformations of the PHCZs are totally
bound in the AR when loaded in Autodock. Similarly, complexes with a lower number of
conformations do not directly signify weaker binding. To address these docking inconsistencies,
a total evaluation of the 10 x 3 bound PHCZs ligand poses are considered in the subsequent
discussions.

77 Most Clustered Results B Most Clustered Results
A BT ees Custered Rewuilts 0 7777 Less Clustered Results

Confomation

Average Binding Energy (kcal/mol)

Average Binding Energy (kcal/mol) 3 BCZ

3-CCZ

-] Most Clustered Results

Average Binding Energy (kcal/mol)
36 BCZ

Figure 4. Clustered docking results of (A) 3-CCZ and (B) 3-BCZ (C) 36-BCZ for 70 generated
docking poses. Stored Results (R) are numbered from 1-10.
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Figure 5. Chemical structure of the ligands used in the study: (a) 3-chloro-9H-carbazole (3-CCZ)
(b) 3-bromo-9H-carbazole (3-BCZ) (c) 3,6-dibromo -9H-carbazole (3,6-BCZ) as sketched using
ChemDraw Pro®.
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Hierarchical Clustering Analysis (HCA) of PHCZs-AR. The hierarchical clustering analysis
(HCA) performed on the 10 x 3 bound PHCZ complexes is presented in three dendrograms, which
display the number of clusters formed. Each cluster consists of Result Nos that are distinctively
grouped into separate subclusters based on the similarity of their docking scores. The vertical
and horizontal axes of the dendrograms represent the Euclidean distances measurement and the
Result Nos from blind docking, respectively. The height of the vertical branches in dendrograms
indicates the degree of similarity. The smaller the level of the Euclidean distance (vertical axis of
dendrogram) formed, the greater the similarity within the groups merged in a particular cluster
(Sikakwe et al., 2020). Furthermore, this study interprets HCA by focusing on the main clusters,
which showed the highest degree of similarity. Subclusters fused at a lower level of Euclidean
distance belonging to a higher main cluster were not considered. The statistical measures that
provide support to the dendrogram analysis are also reported, which include mean, standard
deviation and variance. These parameters are commonly used by statisticians to measure the
variability within the given data set (Marsal, 1987). A value of zero variance indicates no
variability in the data (R. Wilcox, 2003). Meanwhile, according to Ramirez and Cox (2012), the
rule of thumb for the maximum acceptable range of the variance calculated is approximately four
times the standard deviation. Hence, as a guide in the analysis, the data with the lowest variance
was considered which was based on how close its value to zero. The calculated variance outside
or greater than the range rule of thumb will be considered irrelevant.

HCA of 3-CCZ. Figure 6 shows the HCA results of 3-CCZ, which consisted of the three main clusters.
cluster 1 contains the highest number of Result Nos such as 3, 9, 10, 5, 6 and 1, while cluster 2
comprises Results 4 and 8. In cluster 3, Results 2 and 7 were merged, both of which contain the
least number of conformations with 26 and 29, respectively. It can be observed that clusters 1
and 2 are linked slightly higher than cluster 3, which makes the latter the most similar. Cluster 3
has binding energies closely clustered around the mean while those in clusters 1 and 2 were more
dispersed over a wider range of values due to higher standard deviation and variance (Table 4).
HCA of 3-BCZ.
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Figure 6. Dendrogram of HCA of 3-CCZ via Ward’s Method
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Table 4: Data constituents and descriptive statistics for 3-CCZ’s HCA result.

Result Nos Number of Mean Std. Variance Range Rule of
Possible Deviation Thumb
Conformations
Cluster 1
3 34 -5.041 0.888 0.789 3.553
9 35 -5.003 0.894 0.799 3.576
10 38 -4,908 0.877 0.769 3.507
5 36 -4.944 0.896 0.803 3.585
6 37 -4.909 0.876 0.768 3.506
1 39 -4.983 0.855 0.730 3.418
Cluster 2
4 34 -4.870 0.914 0.836 3.658
8 31 -4.981 0.994 0.987 3.975
*Cluster 3
2 26 -6.068 0.769 0.592 3.077
7 29 -5.738 0.819 0.670 3.275

*Cluster No. with the highest similarity among its docking scores

HCA of 3-BCZ. Meanwhile, Figure 7 shows the HCA results of 3-BCZ, which comprised of four main
clusters. Clusters 1 and 2 are equally formed at a lower Euclidean distance compared to clusters
3 and 4. Cluster 1 consists of Result Nos 5, 6, and 10, while cluster 2 has Result Nos 2 and 4. In
cluster 3, the Result Nos formed are 1 and 7 and lastly, cluster 4 constitutes Result Nos 8, 9, and
3. Furthermore, the figure shows that cluster 2 has the largest similarity among the other main
clusters since its Euclidean distance is relatively lower than clusters 3 and 4, and it rapidly
connects its subclusters from the bottom of the dendrogram than cluster 1. Incidentally, Cluster
2 also contains the Result No. with the lowest standard deviation and variance (Table 5).
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Figure 7. Dendrogram of HCA of 3-BCZ via Ward’s Method
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Table 5. Data constituents and descriptive statistics for 3-BCZ’s HCA Result

Clusters Number of Mean Std. Deviation | Variance Range Rule of
Possible Thumb
Conformations
Cluster 1
3 34 -5.141 0.950 0.902 3.799
9 35 -5.114 0.918 0.842 3.671
10 38 -5.009 0.885 0.783 3.539
5 36
6 37 -4.954 0.893 0.798 3.574
1 39 -5.219 0.842 0.708 3.367
Cluster 2
4 34 -5.825 1.003 1.006 4.012
8 31 -5.301 0.946 0.895 3.785
*Cluster 3
2 26 -5.906 0.949 0.900 3.796
7 29 -5.836 0.890 0.792 3.559
-6.177 0.876 0.767 3.503

*Cluster No. with the highest similarity among its docking scores

11

HCA of 36-BCZ. The dendrogram of 36-BCZ in Figure 8 displays three main clusters. Cluster 1
consists of Result Nos. 4, 10 and 3. Cluster 2 has the highest number of Result Nos formed such as
7, 9,5,6,2, and 8, while only Result No.1 comprised Cluster 3. Clusters 1 and 2 were fused at an
equal Euclidean distance in which cluster 1 shows the closest link at the bottom of the
dendrogram, which depicts greater similarity between its subclusters. Meanwhile, cluster 2 fused
its subclusters at a much higher Euclidean distances and cluster 3 is clearly observed as being
completely separated from all others as it took half of the dendrogram to be formed at a higher
distance. The variance and standard deviation of cluster 3 indicate that its binding energies are
totally spread out. Hence, the distribution of its docking scores is substantially different compared
to other clusters. On one hand, cluster 1 was selected since it does not contain the Result No. with
the highest SD and variance (Table 6).
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Table 6. Data constituents and descriptive statistics for 36-BCZ’s HCA Result

Clusters Number of Mean Std. Deviation Variance Range
Possible Rule of
Conformations Thumb
*Cluster 1
4 29 -5.328 0.901 0.812 3.605
10 33 -5.220 0.891 0.794 3.564
3 30 -5.320 0.963 0.928 3.853
Cluster 2
7 32 -5.068 0.966 0.934 3.866
9 35 -5.052 0.939 0.881 3.754
5 40 -4.955 0.839 0.705 3.357
6 33 -5.022 0.977 0.954 3.907
2 38 -4,966 0.828 0.686 3.314
8 33 -5.039 0.791 0.625 3.162
Cluster 3
1 21 -6.425 1.011 1.021 4.043

*Cluster No. with the highest similarity among its docking scores

Therefore, this study suggests that the number of conformations in the Result Nos does not
significantly contribute to clustering as some vary greatly despite being fused in one main cluster.
Moreover, it is important to note that no other parameters can elaborately explain the HCA of this
study as the Result Nos were not measured at different scales. Rather, the statistical analysis of
the Result Nos. simply aids the selection of the clusters for further analysis. All values of variance
calculated were within the range rule of thumb. Hence, clustering the Result Nos is solely based
on the homogeneity of dockings scores they contain. Overall, clusters 3, 2, and 1 of 3-CCZ, 3-BCZ,
and 36-BCZ, respectively, showed the highest degree of similarity and were further characterized.

Principal Component Analysis (PCA). In this study, PCA was carried out to reduce the large
dataset of docking scores into a smaller number of principal components (PCs). Based on the
Kaiser Index (Mahmoudi et al., 2021), only the PCs with eigenvalues greater than or equal to 1
are retained as they describe the major trends in the data (Sikakwe et al., 2020; Le et al., 2020).
PCA classifies which among the ten (10) Result Nos of each PHCZ is strongly correlated to the PC
(Jaidhan et al.,, 2014). Table 7 reports the principal component (PC), eigenvalues, and
percentage variance for each PHCZ. One PC was identified per PHCZ, which represents the total
number of possible sources of variation in the data. In other words, PCs contain the greatest
number of sources of information pertinent to docking scores. For instance, the PCs of 3-CCZ, 3-
BCZ, and 36-BCZ explained 95%, 94% and 96% of the total variance in docking scores,
respectively. The Result Nos 10, 5 and 9 of 3-CCZ, 3-BCZ and 36-BCZ, respectively correlated most
strongly to each of the identified PC. This suggests that the possible conformations of each PHCZs
will tend to have docking scores contained in the most strongly correlated Result No. Hence, only
the docking scores were treated as describing variables that could influence the PC extracted.
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Table 7. PC Correlations, Eigenvalues and Total Variance of PHCZs-AR

3-CCZ 3-BCZ 36-BCZ

Result No. PC1 PC2 PC1
1 0.973 0.952 0.944

2 0.827 0.965 0.990

3 0.990 0.857 0.992

4 0.940 0.945 0.993

5 0.976 *0.978 0.979

6 0.975 0.972 0.979

7 0.926 0.963 0.994

8 0.990 0.925 0.972

9 0.980 0.971 *0.996

10 *0.995 0.927 0.988

Eigenvalue 9.572 9.450 9.661
%Total Variance 95.720 94.55 96.605

*Highly correlated Result No to the PC

Selection of Potential Binding Mode (PBM). Table 8 summarizes the Result Nos which showed
the highest degree of similarity in HCA and strongest correlation to PC from PCA. Each value in
column 3 of Table 8 represents the conformation with the lowest binding energy contained in
each Result No, which is considered as the best-docked conformation. In this study, each
conformation will be referred to as the Potential Binding Mode (PBM). Overall, PBM2, PBM5 and
PBM3 of 3-CCZ, 3-BCZ and 36-BCZ, respectively showed the lowest binding energy among the
PBMs of the PHCZs (Table 8, columns 2 and 3). This means that the PHCZs at these PBMs have a
longer residence time or association with the AR’s binding site, which may be long enough to elicit
any effects. These findings are consistent with the generally accepted principle that low binding
energies calculated, imply stronger and preferential affinity of the ligands with the target receptor
(Sikakwe et al., 2020).

Table 8. Summarized HCA and PCA Result

Result No Binding Energy
(kcal/mol)
3-CCZ *2 -7.08
7 -6.94
10 -6.84
3-BCZ 2 -7.08
4 -7.16
*5 -7.18
36-BCZ 4 -7.48
10 -7.45
*3 -7.62
9 -7.60

*PBM with the lowest binding energy/docking score

Characterization of the Potential Binding Modes (PBMs). The interaction mechanisms of the
selected PBMs from Table 8 were characterized using Biovia Discovery Studio 2020. It is
important to note that the amino acids listed in Table 9 directly interacted with the N-H moiety
of the PHCZs and not with another amino acid. Furthermore, as previously discussed, this study
treated the AR as a rigid body; thus, the PHCZs were the only molecules expected to change its
conformation, while finding its way to bind with the AR.

For instance, Figure 9a displays the interacting residues of the PBM2 of 3-CCZ, which include
Gly708, Arg752, Phe876, Leu707, Met780, Leu873, and Met745. Specifically, the - electron cloud
of the phenyl ring of 3-CCZ formed m-alkyl and alkyl interactions with the electron group of
Leu707 and Met745, while the lone pair of the chlorine atom formed similar interactions with
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Phe876, Met780, and Leu873. The van der Waals interactions were also observed with Gly708 and
Arg752. Furthermore, the N-H moiety of 3-CCZ and Gly708 may have acted as a hydrogen donor
and formed H-bond with Leu704 with distance of ~2.00 A and ~1.87A, respectively.

In Figure 9b, nine interacting amino acid residues were observed from the docking of 3-BCZ with
the AR, five of which, namely, Arg752, Leu707, Gly708, Met745, and Thr877 were involved in van
der Waals interaction. The m-electron cloud of the phenyl and the five-membered N-containing
ring of 3-BCZ interacted with Phe764 forming a somewhat T-shaped conformation. At the same
time, its Br atom formed m- alkyl and alkyl interaction with Phe876 and Leu873. One hydrogen
bond interaction was formed with the N-H moiety of 3-BCZ with Leu704 with H-bonding distance
of 2.28 A (Table 9).

Meanwhile, Figure 9c shows that Gly708 formed hydrogen bonding interaction with Leu704 (1.85
A) in lieu of N-H moiety of 36-BCZ. The PBM of 36-BCZ further demonstrated van der Waals
interaction with Arg752, Met745, Leu707, Gly708, Asn705 and Thr877. Other important
interactions involved are m -sulfur bond with Met787, the m -alkyl and alkyl interaction with
Met749, Val746, Phe876, Phe764, and - m T-shaped interaction with Phe764.

Combined PHCZs with Human AR in 2D diagram

Overall, the interacting amino acid residues involved in the PBMs of the PHCZs are bound in the
right-handed alpha-helix structure of the AR (Table 9). The common interacting residues involved
are Arg752, Gly708, Phe876, Leu707, Met745, and Leu704, which are all present in Pocket 1 as
listed in Table 1. This implies that the three PHCZs can be docked in the first pocket of AR (Figure
9d), which in this study was tagged as its most active site. It is also observed from Figure 9d that
the PHCZs partly overlap with one another signifying a possible ligand-ligand interaction. At each
docking, the orientation/conformation of the PHCZ may change as a result of energy
minimization, a process which allows the formation of the most stable conformation for the ligand
during the docking process. From the mechanistic standpoint, variations in the observed
conformations of the PHCZs could possibly lead to the alteration of the protein structure, causing
the protein to become dysfunctional (Ma et al,, 2019). Dysfunctionality might then lead to
negative effects, which may be related to the toxicity of the ligands under investigation.
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Table 9. Significant Potential Binding Modes

PBM Hydrogen Bonding
(Potential Binding Energy Amino Acid | Bond Length | Pocket Region
Binding (kcal/mol) A No.
Mode) No.
3-CCZ
2 -7.08 LEU704 2.00 1 Right-handed a
helix
3-BCZ
5 -7.18 LEU704 2.28 1 Right-handed a
helix
36-BCZ
3 -7.62 - - 1 Right-handed «
helix

It is emphasized that there could be several binding sites in the protein with different amino acid
residues interacting with the ligands. In fact, because of the complexity associated with the
toxicity assessment, these binding sites have not all been established experimentally. Thus, the
results presented in this study attempt to showcase possible interactions that may or may not
lead to toxicity in vivo. For clarification on the toxicity evaluation and mechanism exploration,
there is a possibility that the binding of any contaminant with the protein receptor doesn’t take
place in one site only and that binding may cause activation of the protein function, to some
extent. But it does not follow that the activation could immediately indicate potential toxicity. In
some case, the receptors can be mediators of ligand toxicity and this is what this study is trying
to sort out, that is, to come up with a simulation and determine whether the observed interactions
could be ligand-specific human AR variations.

The docking results obtained in this study revealed that the binding potency of the three PHCZs
with the AR is in the order of: 36-BCZ (-7.62 kcal/mol) > 3-BCZ (-7.18 kcal/mol) > 3-CCZ (-7.08
kcal/mol). This relative potency is influenced by the varying number and type of halogen
substitutions on the base structure of the PHCZs. The presence of two electronegative bromine
atoms on the phenyl rings of 36-BCZ may have resulted to strong, preferential affinity with the
AR. Meanwhile, although the Cl atom of 3-CCZ is more electronegative than the Br atom of 3-BCZ,
the former PHCZ came last in terms of affinity, which may indicate that the large size (steric effect)
of bromine may have induced hydrophobic interactions, demonstrating preferential interaction
with bromine substituted PHCZ over the chlorine substituted PHCZ.

Risk Assessment of PHCZs in complex with the AR. The toxic mechanisms and potential effects
of the PHCZs with the AR are best understood by evaluating the type and number of important
amino acid residues involved in the interaction. Though the presence of hydrogen bonds and
hydrophobic interactions are ubiquitous in any receptor-ligand binding however, these may not
be completely disregarded in determining the efficiency of the effective interactions via
simulation studies. Overall, 3-BCZ and 36-BCZ showed potential interaction with the AR, with the
latter being the most pronounced. This observation could be attributed to the hydrophobic
interaction of Thr877 and Asn705 with 36-BCZ. On the other hand, 3-BCZ only interacted with
Thr877. As reported, the preferential interaction of these amino acid residues with PHCZs, could
elicit adverse effects both on the standpoint of environment and human health, thereby
suggesting the potential of PHCZs as endocrine disrupting compounds (Tian et al., 2018; Xu et al,,
2013). Moreover, the potential ability of PHCZs as AR antagonists may be enhanced if substituted
with bromine atoms as well as with increasing number of bromine atom substitutions.

To support the findings that the PHCZs under study are potential AR antagonists by
hydrophobically interacting with Thr877 and Asn705, androgen (a known agonist) was docked
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with the human AR following the same docking protocol discussed in the methodology section.
The positive control, androgen, was also found to bind in Pocket 1 of the androgen receptor (AR),
in almost similar manner as observed with the binding of PHCZs. Most of the interacting residues
in the binding mode of androgen can also be found in the PHCZs (Figure 9). This suggests that
PHCZs can immediately bind with the AR and might readily induce toxic effects such as inhibition,
mimicking the response of the natural hormone, androgen.

This study did not cover omics-based investigation and/or in vivo or ex vivo assays, which would
allow quite extensive experimental examination of the human AR-PHCZs interaction to indicate
agonist/antagonistic activities or enhancement or inhibition of the ligand-dependent
physiological function of the human AR. Human AR regardless whether bound to antagonist or
to agonist, can elicit structural transformation which could lead to direct binding with functional
components and performing a specific function or to interact with signaling pathway. For
instance, in the study by Brinchmann et al, 2019, binding with contaminants such as
polyaromatic hydrocarbons (PAHs) can trigger calcium responses in human endothelial cells via
receptor-dependent nongenomic signaling, which are relevant to the toxicity of the said
contaminant.

To highlight the importance of this study, docking results were correlated with the partition
coefficient or the n-octanol/water partition ratio usually expressed as log (K,,,) (Hodges et al,
2019). The partition coefficient is a useful parameter in determining the environmental fate and
biological effects of chemical pollutants. However, as this in silico study did not include the
determination of pharmacokinetic parameters, the partition coefficient was not derived in this
study. Instead, the potential ability of these PHCZs to diffuse through the cell membrane and
target the androgen receptor was ascertained based on the partition coefficient of structurally
related compounds such as polychlorinated biphenyls (PCBs) since both compounds are planar
halogenated hydrocarbons (Pantsar and Poso, 2018). As per review of related literatures, PCBs
with greater number of chlorine atoms have demonstrated higher tendency to diffuse through
the cell membrane as they are readily soluble in fats (Mahmoudi et al., 2021). They alter and
disrupt the membrane structure causing cell death (Gao et al., 2005), and can migrate to fatty
tissues and bio-accumulate in the food chain (Singam et al., 2019). They also interfere with the
transcriptional activation of the androgen receptor (Singam et al, 2019). The octanol-water
partition coefficient [log (K,,,)] of the PCBs is expected to increase with the increasing molecular
weight of the PCBs (more chlorine atoms) (Liang et al., 1998).

In view of the foregoing discussion about the behavior of PCBs, the relative lipophilicity of the
PHCZs may also be deemed influenced by the number of halogens in the structure. As such the
relative lipophilicity of the PHCZs would most likely follow the order of: 36-BCZ (325 g/mol)>3-
BCZ (246.1g/mol)> 3CCZ (201.65g/mol), with 36-BCZ having the most number of halogen
substitutions. Moreover, since PHCZs are halogenated polycyclic aromatic hydrocarbons, most
of them may also be classified as stable and generally have hydrophobic character with K,,, > 4
and stable (Pantsar and Poso, 2018). These literature-based inferences may shed light on the
potential antagonistic behavior of 3-BCZ and 36-BCZ. However, it is emphasized that the results
indicated herein are empirical models only and therefore the antagonistic activity of the PHCZs
must be verified through experimental work such as molecular (DNA) testing or toxicity testing,
to corroborate with the endocrine-disrupting ability of PHCZs as demonstrated by the docking
results. As such, the calculation of the partition coefficient of the PHCZs to AR and other
pharmacokinetic parameters will be determined during the experimental validation and shall
constitute the next scope of work to be performed in line with this study.
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CONCLUSIONS

The molecular docking approach provides evidence that the three PHCZs can be docked into the
most active site of human AR thereby demonstrating its various modes of interactions which
could possibly lead to endocrine disruption. The present study is also the first to predict the
potential toxicity of the PHCZs with the human AR by providing their interaction mechanisms.
The results suggest that two out of three PHCZs under study (i.e., 3-BCZ and 36-BCZ) may elicit
endocrine-disrupting effects upon binding with the AR. In particular, 36-BCZ is the most potential
AR antagonist as it interacted with both Asn705 and Thr877, while 3-BCZ only interacted with the
latter. Both Asn705 and Thr877 amino acid residues in Pocket 1 of the protein receptor are
important indicators which signal an induced AR antagonistic effect. In addition, it was observed
that the bromine substituted PHCZ could trigger a relatively stronger AR disrupting potency.
These findings provide baseline inference for further studies on the environmental and health
risk assessments of the PHCZs. Moreover, the docking results must be experimentally validated
to check and confirm the endocrine-disrupting effects of the PHCZs on the human AR, particularly
the 3-BCZ and 36-BCZ. This study recommends the use of other exhaustive computational tools
in tandem with experimental molecular testing, enabling the establishment of details pertinent
to the AR’s conformational changes as well as the calculation of rational partition coefficients for
PHCZs to determine their actual physiological pathways to the cell membrane. Further, there is
still a need to investigate the receptor holistically. Toxicity of ligands in some cases may also be
attributed to the receptor’s properties such as expression level, homologs, sensitivity, etc. It is
also recommended to establish species-specific variations in the functions of the human AR of
various species in mediating the potential effects of the PCHZs. Overall, the present work opens
up key observations which could lead to generation of additional information focused on the
endocrine-disrupting ability of the PHCZs, deemed crucial to the formulation of local policies
and/or guidelines for efficient and effective management of PHCZs in the environment.

REFERENCES

Brinchmann BC, Le Ferrec E, Podechard N, Lagadic-Gossmann D, Holme JA, @vrevik ]. Organic
chemicals from diesel exhaust particles affects intracellular calcium, inflammation and (-
adrenoceptors in endothelial cells. Toxicol Lett. 2019 Mar; 302:18-27.
https://doi.org/10.1016/j.toxlet.2018.11.009

Cerqueira N. Avogadro. Rev Ciéncia Elem. 2016 Oct; 4:017.
https://doi.org/10.24927 /rce2016.017

Davey RA, Grossmann M. Androgen receptor structure, function and biology: from bench to
bedside. Clin Biochem Rev. 2016 Feb; 37:3-15.

https: //www.ncbi.nlm.nih.gov/pmc/articles/PMC4810760/.

Escher BI, Hermens JLM. Modes of action in ecotoxicology: Their role in body burdens, species
sensitivity, QSARs, and mixture effects. Environ Sci Technol. 2002 Sept; 36:4201-4217.
https://doi.org/10.1021/es015848h

Gao W, Bohl CE, Dalton JT. Chemistry and structural biology of androgen receptor. Chem Rev.
2005 Aug; 105:3352-3370. https://doi.org/10.1021/cr020456u

Ghersi D and Sanchez R. Improving accuracy and efficiency of blind protein-ligand docking by
focusing on predicted binding sites. Proteins. 2009 Feb; 74(2):417-424.
https://doi.org/10.1002 /prot.22154

Volume 33, Number 2, July-December 2022 « KIMIKA


https://doi.org/10.1016/j.toxlet.2018.11.009
https://doi.org/10.24927/rce2016.017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4810760/
https://doi.org/10.1021/es015848h
https://doi.org/10.1021/cr020456u
https://doi.org/10.1002/prot.22154

18 Ma. Juryst Chelsea A. Armas and Dahlia C. Apodaca

Guo ], Li Z, Ranasinghe P, Bonina S, Hosseini S, Corcoran MB, Smalley C, Rockne K], Sturchio NC,
Giesy JP, Li A. Spatial and temporal trends of polyhalogenated carbazoles in sediments of upper
great lakes: insights into their origin. Environ Sci Technol. 2017 Jan; 51:89-97.
https://doi.org/10.1021/acs.est.6b06128.

Hodges G, Eadsforth C, Bossuyt B., Bouvy A, Enrici MH, Geurts M, Kotthoff M, Michie E, Miller D,
Miiller ], Oetter G, Roberts ], Schowanek D, Sun P, Venzmer ]. A comparison of log K ow (n-octanol-
water partition coefficient) values for non-ionic, anionic, cationic and amphoteric surfactants
determined using predictions and experimental methods. Environ Sci Eur. 2019 Jan; 31:1.
https://doi.org/10.1186/s12302-018-0176-7.

Huang SY, Zou X. Advances and challenges in protein-ligand docking. Int ] Mol Sci. 2010 Aug;
11:3016-3034. https://doi.org/10.3390/ijms11083016.

Jaidhan B], Rao PS, Apparao A. Energy minimization and conformation analysis of molecules using
steepest descent method. Int ] Comput Sci Inf Technol. 2014; 5:3525-3528.
https://ijcsit.com/docs/Volume%205/vol5issue03 /ijcsit20140503193.pdf

Ji C, Shen C, Zhou Y, Zhu K, Sun Z, Zuo Z, Zhao M. AhR agonist activity confirmation of
polyhalogenate carbazoles (phczs) using an integration of in vitro, in vivo, an in silico models.
Environ Sci Technol. 2019 Nov; 53:14716-14723. https://doi.org/10.1021 /acs.est.9b05388.

Kamerlin N, Delcey MG, Manzetti S, van der Spoel D. Towards a computational ecotoxicity assay,
] Chem Inf Model. 2020 Jul: 60:3792-3803. https://doi.org/10.1021 /acs.jcim.0c00574.

Kiyama R, Wada-Kiyama Y, Estrogenic endocrine disruptors: Molecular mechanisms of action.
Environ Int. 2015 Oct; 83:11-40. https://doi.org/https://doi.org/10.1016/j.envint.2015.05.012

Lauretta R, Sansone A, Sansone M, Romanelli F. Appetecchia M, Endocrine disrupting chemicals:
Effects on endocrine glands. Front Endocrinol. (Lausanne). 2019 Mar; 10:178.
https://doi.org/10.3389/fendo.2019.00178.

Le TMK, Mdkela M, Schreithofer N, Dahl O. A multivariate approach for evaluation and monitoring
of water quality in mining and minerals processing industry. Miner Eng. 2020 Oct; 157:106582.
https://doi.org/https://doi.org/10.1016/j.mineng.2020.106582

Liang ], Woodward C, Edelsbrunner H. Anatomy of protein pockets and cavities: Measurement of
binding site geometry and implications for ligand design. Protein Sci. 1998 Sept; 7:1884-1897.
https://doi.org/10.1002/pro.5560070905

Ma D, Xie HQ, Zhang W, Xue Q, Liu X, Xu L, Ma Y, Bonefeld-]Jgrgensen EC, Long M, Zhang A, Zhao B,
Aryl hydrocarbon receptor activity of polyhalogenated carbazoles and the molecular mechanism.
Sci Total Environ. 2019 Dec; 687:516-526. https://doi.org/10.1016/j.scitotenv.2019.05.406.

Mahmoudi MR, Heydari MH, Qasem SN, Mosavi A, Band SS. Principal component analysis to study
the relations between the spread rates of COVID-19 in high risks countries. Alexandria Eng]. 2021
Feb; 60:457-464. https://doi.org/10.1016/j.aej.2020.09.013.

Marsal D. Chapter 5 - Variance, standard deviation, skewness, and kurtosis. Moments. In: Marsal
D, editor. Statistics for geoscientists. Amsterdam: Pergamon Press; 1987. p. 26-31.

https://doi.org/10.1016/B978-0-08-026260-4.50010-7.

KIMIKA e Volume 33, Number 2, July-December 2022


https://doi.org/10.1021/acs.est.6b06128
https://doi.org/10.1186/s12302-018-0176-7
https://doi.org/10.3390/ijms11083016
https://ijcsit.com/docs/Volume%205/vol5issue03/ijcsit20140503193.pdf
https://doi.org/10.1021/acs.est.9b05388
https://doi.org/10.1021/acs.jcim.0c00574
https://doi.org/https:/doi.org/10.1016/j.envint.2015.05.012
https://doi.org/10.3389/fendo.2019.00178
https://doi.org/https:/doi.org/10.1016/j.mineng.2020.106582
https://doi.org/10.1002/pro.5560070905
https://doi.org/10.1016/j.scitotenv.2019.05.406
https://doi.org/10.1016/j.scitotenv.2019.05.406
https://doi.org/10.1016/j.scitotenv.2019.05.406
https://doi.org/10.1016/j.scitotenv.2019.05.406
https://doi.org/10.1016/j.aej.2020.09.013
https://doi.org/10.1016/B978-0-08-026260-4.50010-7

Predicting The Toxicity of Emerging Pollutants via Molecular Docking... 19

Mumbo ], Deyerling D, Henkelmann B, Pfister G, Schramm KW. Photodegradative fate and
potential phototoxic products of bromocarbazoles and chlorocarbazoles in water. Environ Sci
Pollut Res. 2017 Oct; 24:27525-27538. https://doi.org/10.1007/s11356-017-0055-6.

Pantsar T, Poso A. Binding affinity via docking: fact and fiction. Molecules. 2018 July; 23:1899.
https://doi.org/10.3390/molecules23081899.

Ramirez A, Cox C. Improving on the range rule of thumb. Rose-Hulman Undergrad Math ]. 2012;
13:1-13. https://scholar.rose-hulman.edu/rhumj/vol13/iss2 /1.

Schleinkofer K, Wang T, Wade RC. Molecular docking. Encycl Ref Genomics Proteomics Mol Med.
2006; 443:1149-1153. https://doi.org/10.1007/3-540-29623-9 3820.

Sikakwe GU, Nwachukwu AN, Uwa CU, Abam Eyong G, Geochemical data handling, using
multivariate statistical methods for environmental monitoring and pollution studies. Environ
Technol Innov. 2020 May; 18:100645. https://doi.org/10.1016/].eti.2020.100645

Singam ARA, Tachachartvanich P, La Merrill MA, Smith MT, Durkin KA. Structural dynamics of
agonist and antagonist binding to the androgen receptor. ] Phys Chem B. 2019 Aug; 123:7657-
7666. https://doi.org/10.1021/acs.jpcb.9b05654.

Singh AN, Baruah MM, Sharma N. Structure based docking studies towards exploring potential
anti-androgen activity of selected phytochemicals against prostate cancer. Sci Rep. 2017 May;
7:1955. https://doi.org/10.1038/s41598-017-02023-5.

Tamura H, Hosoda A, Akamatsu M. Endocrine disruptors that disrupt the transcription mediated
by androgen receptor. ] Pestic Sci. 2008 Jan; 33:33-39. https://doi.org/10.1584 /jpestics.R07-11

Tan MHE, Li ], Xu HE, Melcher K, Yong EL, Androgen receptor: Structure, role in prostate cancer
and drug discovery. Acta Pharmacol Sin. 2015 Jun; 36:3-23.
https://doi.org/10.1038/aps.2014.18.

Tian W, Chen C, Lei X, Zhao ], Liang ]. CASTp 3.0: computed atlas of surface topography of proteins.
Nucleic Acids Res. 2018 July; 46:W363-W367. https: //doi.org/10.1093 /nar/gky473.

Villeneuve DL, Garcia-Reyero N. Vision & strategy: Predictive ecotoxicology in the 21st century.
Environ Toxicol Chem. 2011 Jan; 30:1-8. https://doi.org/10.1002/etc.396.

Wahl ], SmieSko M. Endocrine disruption at the androgen receptor: employing molecular
dynamics and docking for improved virtual screening and toxicity prediction. Int ] Mol Sci. 2018
June; 19:1784. https://doi.org/10.3390/ijms19061784.

Walker SD, McEldowney S. Molecular docking: A potential tool to aid ecotoxicity testing in
environmental risk assessment of pharmaceuticals. Chemosphere. 2013 Nov; 93:2568-2577.
https://doi.org/10.1016/j.chemosphere.2013.09.074.

Wang R, Lu Y, Wang S. Comparative evaluation of 11 scoring functions for molecular docking. ]
Med Chem. 2003 May; 46:2287-2303. https://doi.org/10.1021/jm0203783.

Wilcox RR. 3 - Summarizing data. In: Wilcox R, editor. Applying contemporary statistical
techniques. Burlington: Academic Press; 2003. p. 55-91. https://doi.org/10.1016/B978-
012751541-0/50024-9.

Volume 33, Number 2, July-December 2022 « KIMIKA


https://doi.org/10.1007/s11356-017-0055-6
https://doi.org/10.3390/molecules23081899
https://scholar.rose-hulman.edu/rhumj/vol13/iss2/1
https://doi.org/10.1007/3-540-29623-9_3820
https://doi.org/10.1016/j.eti.2020.100645
https://doi.org/10.1021/acs.jpcb.9b05654
https://doi.org/10.1038/s41598-017-02023-5
https://doi.org/10.1584/jpestics.R07-11
https://doi.org/10.1038/aps.2014.18
https://doi.org/10.1093/nar/gky473
https://doi.org/10.1002/etc.396
https://doi.org/10.3390/ijms19061784
https://doi.org/10.1016/j.chemosphere.2013.09.074
https://doi.org/10.1021/jm0203783
https://doi.org/10.1016/B978-012751541-0/50024-9
https://doi.org/10.1016/B978-012751541-0/50024-9

20 Ma. Juryst Chelsea A. Armas and Dahlia C. Apodaca

Xu X], Su]JG, Bizzarri AR, Cannistraro S, Liu M, Zeng Y, Chen WZ, Wang CX, Detection of persistent
organic pollutants binding modes with androgen receptor ligand binding domain by docking and
molecular dynamics, BMC Struct Biol. 2013 Sep; 13:16. https://doi.org/10.1186/1472-6807-13-
16.

Yan X, Yuan D, Pan D. Interactions of bromocarbazoles with human serum albumin using
spectroscopic methods. Molecules. 2018 Nov; 23:3120.
https://doi.org/10.3390/molecules23123120.

Yue S, Zhang T, Shen Q, Song Q, Ji C, Chen Y, Mao M, Kong Y, Chen D, Liu ], Sun Z, Zhao M.
Assessment of endocrine-disrupting effects of emerging polyhalogenated carbazoles (PHCZs): In
vitro, in silico, and in vivo evidence. Environ Int. 2020 July; 140:105729.
https://doi.org/10.1016/j.envint.2020.105729

KIMIKA e Volume 33, Number 2, July-December 2022


https://doi.org/10.1186/1472-6807-13-16
https://doi.org/10.1186/1472-6807-13-16
https://doi.org/10.3390/molecules23123120
https://doi.org/10.1016/j.envint.2020.105729

