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Abstract

Mono-hydroxylated polychlorinated biphenyls (OH-PCBs) are found in human biological samples 

and lack of data on their potential estrogenic activity has been a source of concern. We have 

extended our previous in silico 2D QSAR study through the application of advance techniques 

such as docking and 3D QSAR to gain insights into their estrogen receptor (ERα) binding. The 

results support our earlier findings that the hydroxyl group is the most important feature on the 

compounds; its position, orientation and surroundings in the structure are influential for the 

binding of OH-PCBs to ERα. This study has also revealed the following additional interactions 

that influence estrogenicity of these chemicals (a) the aromatic interactions of the biphenyl 

moieties with the receptor, (b) hydrogen bonding interactions of the p-hydroxyl group with key 

amino acids ARG394 and GLU353, (c) low or no electronegative substitution at para-positions of 

the p-hydroxyl group, (d) enhanced electrostatic interactions at the meta position on the B ring, 

and (e) co-planarity of the hydroxyl group on the A ring. In combination the 2D and 3D QSAR 

approaches have led us to the support conclusion that the hydroxyl group is the most important 

feature on the OH-PCB influencing the binding to estrogen receptors, and have enhanced our 

understanding of the mechanistic details of estrogenicity of this class of chemicals. Such in silico 
computational methods could serve as useful tools in risk assessment of chemicals.
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1. Introduction

Human exposure to the environmentally persistent polychlorinated biphenyls (PCBs) as 

documented by human biomonitoring, mostly as mixtures, is widespread (ATSDR, 2000; 

ATSDR, 2012). The potential impact on public health from individual PCB congeners, their 
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metabolites and/or their mixtures is a concern because these chemicals are known to be toxic 

to laboratory animals and wildlife (ATSDR, 2000; ATSDR, 2012; Ruiz et al., 2013; Machala 

et al., 2004; Kamata et al., 2009; Gregoraszczuk et al., 2008; Arulmozhiraja et al., 2005). 

They are also extremely persistent leading to potential exposure risk for many years at PCB 

contaminated sites. Mixtures of PCBs in the environment contain a variety of the 209 

individual PCB congeners, each congener having its own characteristics regarding toxicity, 

chemistry and environmental fate. Defining toxicity of specific PCB mixtures in the 

environment continues to challenge toxicologists, risk assessors, and public health 

professionals because of the limitless number of mixtures, the changing mixture profile and 

the difficulty in assessing the risks posed by the individual congeners, their metabolites and 

the potential for interactions between them (Ruiz et al., 2013).

Co-planar and non-coplanar PCBs are metabolized in vivo to hydroxyl and sulfur containing 

metabolites (Takeuchi et al., 2011; ATSDR, 2000; Grimm et al., 2015). As many as 837 

mono-hydroxylated PCB congeners (OH-PCBs) whose molecular structure encompass 1 to 

9 chlorine atoms, can be found in PCB mixtures (Arulmozhiraja et al., 2005; Grimm et al., 

2015). Such metabolites and their mixtures have been found in several tissues and are known 

to exert potential adverse effects during critical windows of embryonic and fetal 

development (Guvenius et al., 2002; Soechitram et al., 2004). They are known to cause their 

effects through various mechanisms, but the main postulated mechanism has been estrogenic 

or antiestrogenic activity in mammals (ATSDR, 2000; ATSDR, 2012; Arulmozhiraja et al., 

2005). Thus, exposure to the OH-PCBs continue to attract attention because of their 

potential endocrine disruption activity (Park et al., 2009; Antunes-Fernandes et al., 2011; 

Machala et al., 2004; Grimm et al., 2015; Ruiz et al., 2013).

Unfortunately, major gaps still exist in the traditional toxicological databases of these 

chemicals, hence adverse health effects from OH-PCBs exposure in humans are poorly 

characterized and understood. To help fill these missing data gaps, a growing number of in 
silico tools and QSAR models are being developed to identify and evaluate appropriate 

surrogates for these “data-poor” chemicals (Tunkel et al., 2005; Nigsch et al., 2009; 

Mekenyan et al., 2003; Oberg, 2006). Through these efforts, chemical structural features can 

be identified that may lead to the development of robust predictive models and specific 

selection criteria for use of such models (Matthews and Contrera, 2007; Liu et al., 2006; Lill 

et al., 2005; Cassano et al., 2010; Cronin, 2002; Netzeva et al., 2005; OECD, 2004; 

Mombelli and Devillers, 2010).

In our previous study, we evaluated the published estrogenic activity of OH-PCBs reported 

using two-hybrid assays yeast cells containing the human estrogen receptor ERα 
(Arulmozhiraja et al., 2005). We developed a 2D QSAR prediction model based on 

molecular descriptors for a data set of 71 OH-PCBs covering a range of molecular properties 

The results showed that the position of the hydroxyl substitution, polarizability, and meta 
adjacent unsubstituted carbon pairs at the phenolic ring contribute towards greater estrogenic 

activity for these chemicals (Ruiz et al., 2013).

The principal objectives of this study are to: (i) use the x-ray crystal structure of the estrogen 

receptor (ERα) to evaluate binding patterns of the OH-PCBs with respect to human estrogen 

Ruiz et al. Page 2

Chemosphere. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptor; (ii) obtain consensus features from the QSAR and binding/docking studies that 

influence the binding; and (iii) model quantitatively the relationship between the molecular 

descriptors and estrogenicity activity of OH-PCBs by using 3-D QSAR to determine 

predictivity and identify the most important molecular descriptors influencing the 

estrogenicity of OH-PCBs.

2. Materials and methods

2.1. Data set

We are extending our previous 2D QSAR study using the estrogenic activity of OH-PCBs 

(Ruiz et al., 2013). These data set, as described before, consisted of estrogenic agonist 

activities of OH-PCBs (Table 1) that were measured with a reporter gene assay using a yeast 

strain (Saccharomyces cerevisiae Y190) that incorporates the human estrogen receptor ERα 
and the coactivator TIF2 (Ruiz et al., 2013; Arulmozhiraja et al., 2005). The estrogenic 

activity of active OH-PCBs was recorded as REC20 (the concentration of test compound 

showing 20% of the activity of 10−10 M estradiol (E2)) and percentage activity relative to 

estradiol ((calculated from REC20 E2/REC20 test compound)* 100), the remaining OH-

PCBs were listed as non active. Non-active chemicals were defined with values equivalent to 

the lowest REC20 activity plus two standard deviations, or the percentage activity relative to 

estradiol divided by two (score of 3.7). For modeling purposes, OH-PCB activity was 

converted to negative logarithm values. Thus, the active OH-PCBs had scores <3.7, while 

the non-active had equal or > than 3.7. The compounds used for the current study are as 

shown in Table 1.

2.2. In silico modeling

2.2.1. Geometry optimization—The 3D QSAR studies of 71 hydroxylated PCB 

congeners were carried out using VLife molecular design suite (VLifeMDS, 2010) software 

version 4.3 (MDS 4.3). This suite allows flexibility to study molecular fragments of interest 

and screen molecules for specific activities. Three-dimensional structures of OH-PCBs were 

constructed and their geometries optimized to make the conformations with least potential 

energy using Merck Molecular Force Field (MMFF) and MMFF charge for the atom using a 

distance-dependent dielectric constant of 1.0 and convergence criteria (rms gradient) of 

0.001 kcal/mol.

2.2.2. Docking studies—Toxicology and drug discovery processes require a rapid 

assessment or screening of small molecules that potentially bind to biological receptors. 

Towards this computer models are being used for virtual screening of large chemical data 

bases. If the 3-D structure or model of the target is available techniques such as docking 

studies are employed via a computer generated representation of a small molecule into a 

target structure like an active site of the enzyme or a receptor in a variety of positions, 

conformations and orientations.

For our docking studies, we used the Protein database (PDB) of Estrogen receptor (PDB ID: 

3ERT) “Human Estrogen Receptor alpha ligand-binding domain in complex with 4-

hydroxytamoxifen.” We started by cleaning the 3-D structure of the receptor (adding or 
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deleting atoms or substructures) and used the Generalized Rigid PLP based (GRIP) docking 

using VLife MDS 4.3, to dock the OH-PCBs in the receptor. A flexible ligand approach with 

Piecewise Linear Pairwise Potential (PLP) scoring function was applied for docking using 

15° as the angle of rotation at grid points. GRIP docking employs the PLP scoring function 

in a novel way for fast and accurate capturing and prediction of ligand–receptor interactions 

in the active site of proteins. GRIP docking methodology innovatively incorporates the PLP 

scoring function that includes ligand–receptor interactions of hydrogen bonding (donor–

acceptor), repulsions (donor–donor, acceptor–acceptor) and dispersion (involving non-polar 

group interactions) types (Ajmani et al., 2009).

2.2.3. Alignment of molecules—All molecules in the data set were aligned by a 

template-based method where a template of the estrogen receptor is built by including 

common substructures in the series. The most highly bioactive energetically stable 

conformation in the series is chosen as a reference molecule on which other molecules are 

aligned.

2.2.4. 3D QSAR—Aligned molecules were subjected to generation of a common 

rectangular grid. The steric and electrostatic and hydrophobic interaction energies were 

computed at the lattice points of the grid using a methyl probe of charge +1. These 

interaction energy values were considered for relationship generation and utilized as 

descriptors to decide nearness between molecules. The term descriptor is utilized in the 

following discussion to indicate field values at the lattice points.

The compounds were divided in optimal training and test sets by using the sphere exclusion 

algorithm which accounts for the descriptor space of the dataset for the distribution. In the 

present study, molecular field analysis coupled with k-nearest neighbor (kNN) was applied 

to obtain 3D QSAR models. The calculated steric, electrostatic and hydrophobic field 

descriptors were used as independent variables and -log ER values were used as dependent 

variables to derive the 3D QSAR models.

2.2.5. Elimination of outliers—In the course of obtaining a reasonable 3D QSAR 

model which can provide a robust interpretation of interactions of the OH-PCBs with the 

estrogen receptor, we systematically eliminated outliers from the dataset. In a skewed data 

set, like the one in the current study, outliers are carefully evaluated as visual outliers might 

be in the right tail of the skewed data. We eliminated one molecule at a time and generate 

new QSAR models using remaining molecules in the training set. The model whose 

predictive ability drastically improves after elimination of a particular molecule (outlier) was 

selected as the best model.

3. Results and discussion

3.1. Docking studies

The docking scores for the 71 OH-PCBs in the binding site using the estrogen receptor 

ranged between −54.64 and −34.8. These docking scores were compared with the score for 

the co-crystal ligand 4-hydroxytamoxifen (−101.57). Thus the obtained docking scores 

suggest that the OH-PCBs have fair binding affinity towards the ER receptor. The 
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interactions of co-crystal ligand 4-hydroxy tamoxifen are as shown in Fig. 1a, the key 

interactions between 4-hydroxy tamoxifen and the human estrogen receptor can be noted as 

a hydrogen bonding interaction at GLU353 and charge interactions with ASP351 along with 

hydrophobic interaction at LEU346, THR347, ALA350, MET388, LEU391, MET421, ILE 

424, LEU428, LEU 525.

The docking poses of the OH-PCBs were analyzed with respect to interactions and 

alignment towards the co-crystal ligand. The co-crystal and the top scoring poses overlay in 

the binding site (Fig. 1b). The red stick co-crystal ligand and the best docking pose of the 

compound # 58 (2,2′,4′,6′-tetrachlorobiphenyl-4-ol) in the green ball and stick have good 

overlay in the binding site. The best docked pose shows hydrogen bonding interaction with 

GLU353 as in Fig. 1c.

The best docked pose is compound # 58 which is the most active molecule from the dataset 

(ER activity = −0.23); the presence of key interactions with GLU353supports the high 

estrogenic binding of compound # 58. The docking results of individual interactions of the 

compounds along with docking scores provide a justification for their activity. As compared 

with the 2D QSAR models, it can be seen that compound #58 lacks meta chlorine atom and 

has only one para hydroxy group. This observation is in accordance with the results of the 

2D QSAR and 3D QSAR studies suggesting that having electrostatic group (chloro) at meta 
position on the phenyl ring is conducive for toxicity. Table 1 indicates the best docking 

scores for the 71 compounds under study along with key interacting residues.

All the compounds show aromatic Pi stacking interaction with TRP383. Further analysis of 

the most active molecules and their best binding poses suggest that most of the compounds 

have strong hydrogen bond interactions with GLU353 and ARG394; these H-bonding 

interactions clearly define a salient distinction between the active and inactive compounds. 

Results suggest that the presence of hydrogen bonding interactions of hydroxyls group on 

the OH-PCBs potentiate the estrogenic activity. The overlay of best poses of compounds 

#52, #56, #58, # 59 and #63 are shown in Fig. 2. The analysis of key interactions of the 

molecules suggests that the aromatic interactions have major contributions towards the 

binding of the OH-PCBs with the receptor, while the H-bond interactions with the receptor 

potentiate the estrogenic activity of the compounds.

3.2. 3D QSAR

3D QSAR models for the estrogenic activity were generated for the dataset of 71 molecules. 

Different models were generated using kNN approaches for model building, due to skewness 

in the data the generated models show higher standard errors. To estimate outliers in the 

dataset, we eliminated one by one the training set molecules with residuals more than 1 log 

unit. If the elimination of a compound improved the prediction accuracy and resulted in 

significant reductions in the standard error of estimate, it was considered an outlier. We 

found that elimination of compound #51 enhanced the cross validation correlation 

coefficient, prediction accuracy, and reduced the standard error significantly. The generated 

QSAR model and the best model were reported in Table 2. Further elimination of 

compounds was not performed in order to avoid over-fitting of the models and increasing the 

probability of chance correlation.
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The models clearly indicate that eliminating compound 51 from the training set enhanced 

the model accuracy, predictive ability, and reduced the errors of estimate. The change in 

model descriptors after elimination of compound 51 suggests that most probably the QSAR 

model 1 was a chance correlated model.

The kNN model describes the optimum structural feature for the estrogenicity activity of the 

49 molecules training set and 21 molecules test set (Table 2). The compounds in the training 

and test set are indicated in Table 3. The model is able to classify 82% of variation in the 

biological activity of molecules in the training set and 84% of the molecules in the test set. 

Low standard errors of estimate for q2 and pred_r2 suggest the goodness of the model. The 

terms E_15, E_186, E_407, E_303, S_95 and E_152 are the electrostatic and steric field 

energy of interactions between probe (CH3
+1) and compounds. The selected terms can be 

visualized around the molecules with optimum ranges in Fig. 3.

The fitness plot using the actual activity on the X-axis and predicted activity on the Y-axis 

can be seen in Fig. 4a. The radar plot highlighting the difference between actual and 

predicted activities for the molecules in the training and test sets are shown in Fig. 4b and c 

respectively. The plots shows actual activity (red line) and the predicted activity (blue line), 

and provide information on model behavior regarding the prediction of active and inactive 

molecules. The active molecules are the data points close to the center and vice versa. The 

plots suggest that the model captures features that separate active and inactives in both 

training and test sets. The actual and predicted activities along with calculated residuals are 

as given in Table 3.

The terms selected in the QSAR model are electrostatic interactions at grid point 15, 186, 

407, 303, and 152 along with steric interaction at grid point 95. The optimum ranges of the 

interactions suggest that the electrostatic interactions at grid points 186, 303 and steric 

interactions at 95 are favorable while electrostatic interactions at 407 and 152 are completely 

unfavorable for estrogenic activity of the compounds (Fig. 3).

The electrostatic interactions at grid point E_15 and corresponding meta-position on the 

phenyl ring A are partly favorable to estrogenic activity of the compounds. The descriptor 

range suggests not only that the presence of highly electronegative groups at the meta 

position will enhance the electrostatic interactions and render the compound toxic, but that 

low electronegative groups will also have toxic effects. The analysis can be verified from the 

fact that the top active compounds #52, #58 and #59 are unsubstituted at the meta-position 

of the A phenyl ring. The grid points 186 and 303 in the model are highly favorable for 

estrogenic activity, which corresponds to the meta-position on the B ring (Fig. 3). The 

optimum range for the interactions for both points suggest that adding more electronegative 

substitution at the B ring renders compounds more toxic.

The electrostatic interactions at grid point 407 suggest that the electrostatic interactions 

around the B ring at ortho and meta positions are unfavorable for estrogenic activity. The 

grid point E_152 surrounding the para position on ring A (substituted mostly by hydroxyl 

groups) suggest that electrostatic interactions are unfavorable for estrogenic activity. A 

closer look at placement of the grid point suggests that the orientation of the hydroxyl 
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hydrogen is affecting the H-bonding interaction and is also captured by the grid point 152. 

The conformational analysis of docking results and the position of 3D QSAR grid point 

suggest that a coplanar hydroxyl group on a phenolic ring is a key feature of the OH-PCBs 

binding to the receptor. The only steric term in the model S_95 contributes favorably for the 

estrogenic activity. This term corresponds to the ortho and meta positions on the ring A 

suggesting that steric groups at ortho positions are favorable while the meta-positions have 

electrostatic constraints.

The results from these docking and 3D QSAR studies are in agreement with our previous 2D 

QSAR study of the estrogenic activity of these OH-PCBs. The 2D results showed that the 

position of the hydroxyl substitution, polarizability, and meta adjacent unsubstituted carbon 

pairs at the phenolic ring contribute towards greater estrogenic activity for these chemicals. 

The docking results combined with 3D QSAR results also suggest similar features; the 

presence of a para hydroxyl group with meta un-substituted/low electronegative substitutions 

is favorable for estrogenic activity. In addition to our earlier results, the following additional 

key interactions have been highlighted throughout the current study that enhance our 

understanding of the estrogenic activity of the OH-PCBs:

• Aromatic interactions of the biphenyl moieties with the ER receptor.

• Hydrogen bonding interactions of the p-hydroxyl group with key amino acid 

ARG394 and GLU353,

• Presence of no or low electronegative substitution at para-positions of the p-

hydroxyl group.

• Enhanced electrostatic interactions at meta position on the B ring.

• Co-planarity of the hydroxyl group on the A ring.

The current study is based on the yeast assay, and the model predictions are specific to the 

assay type. However a statistical correlation can be established between predictions of 

different assay types to extend and extrapolate the prediction of this model to other assay 

types (see also Ruiz et al., 2013). Some models can be generalized to different assays 

depending on the closeness of the assays and their hierarchical position within the toxicity 

pathway. The performance of a QSAR model to predict other chemicals depends on the 

structural similarity of the chemicals in the database used to develop the model. The 

applicability domain of these models defines their advantages and limitations. Our current 

QSAR model can be used to predict the estrogenic activity of an external chemical set (other 

metabolites such as di-hydroxy PCBs, hydroquinone or benzoquinone), and the prediction 

confidence evaluated based on if they are within the applicability domain of the model. 

Thus, the model predictions will be reliable if they meet the preset criteria. However, if the 

preset criteria are not met the model can be fine-tuned by including these new metabolites in 

the database and making them part of the training and test data set of the model. QSAR 

model development is a reiterative process wherein new experimental data help create 

models and the improved models, in turn, guide experimental research to fill data gaps. 

These dynamic processes are therefore followed until the model developers and users are 

satisfied. Since an individual model cannot be considered to possess complete applicability 

domain or total accuracy, consensus or comparative QSAR analysis, as we present here, is a 
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logical approach for employing several models and thus broadened the applicability of such 

models.

In conclusion, this study has integrated robust docking and 3D QSAR models to develop a 

novel approach for evaluation of the estrogenicity of OH-PCBs that lack experimental 

toxicity data.

The availability of crystal structure for the ER enabled the application of docking methods. 

Using the conventional docking methods, the docked compounds reveal key interactions 

between the OH-PCBs and the ER receptor. This comparative 3D QSAR analysis that 

describes the relationship between the structural interactions and estrogenic activity of OH-

PCBs was performed using the kNN method for model building. The consensus of docking 

and 3D QSAR models have provided valuable insights of additional molecular features that 

influence the estrogenic activity of OH-PCBs. The docking and 3D QSAR results were in 

good agreement with experimental results. The consensus suggests that the hydroxyl group 

is the most important feature on the compound. Its position, orientation and surroundings in 

the structure are influential for the binding of OH-PCBs to ER. The results obtained from 

the current study also provide information on additional structural features on the OH-PCBs 

that render these compounds toxic.

Laboratory measured values are needed to develop in silico models such as QSAR models 

and are chosen over estimated values. In silico modeling is an evidence-based predictive 

method being evaluated by regulatory agencies for risk assessment and supports scientific 

decision making. These methods offer a rapid and cost-effective first-pass screening 

capability to assess toxicity when conventional toxicology data are limited or lacking, 

particularly to identify compounds for further testing. Recent laws such as the European 

Union’s REACH regulation, support the acceptance of these methods and their use by the 

regulatory and public health communities in the mitigation of potential hazardous exposures 

that could compromise the quality of human and environment health (Worth et al., 2007; 

OECD, 2005; OECD, 2006). Due to the large number of OH-PCBs and the limited 

understanding of their dose response relationship for risk assessment, research addressing 

these data gaps are required. This can be achieved through strategic and critically designed 

laboratory and experimental studies. Consequently, the data generated will be used for the 

development of QSAR models which are required to have an appropriate range of similar 

structures and toxicity endpoints. Modeling and experimental approaches complement each 

other and help develop accurate tools for risk assessment of these chemicals and other 

emerging chemicals that lack toxicity data.
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HIGHLIGHTS

• We extended our previous 2D-QSAR study by applying docking and 3D-

QSAR modeling.

• 3D QSAR models are presented and validated for transparency and reliability.

• 3D QSAR modeling results are in agreement with our previous 2D-QSAR 

study.

• Additional key interactions have been highlighted throughout the current 

study.

• These results enhance our understanding of the estrogenic activity of the OH-

PCBs.

Ruiz et al. Page 11

Chemosphere. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
(a) The 2D representation of interaction between co-crystal tamoxifen and the estrogen 

receptor (ER). (b) Overlay of the co-crystal ligand (Red stick) and best docking pose (Green 

Ball and stick). (c) Key Aromatic Pi stacking Interactions of best docked compound with the 

receptor.
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Fig. 2. 
Overlay of best docking poses of active ligands 56, 58 and 59 highlighting H-bonding 

interactions with TRP72.
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Fig. 3. 
Selected hydrophobic and electrostatic Grid points in the 3D QSAR model.
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Fig. 4. 
(a) Predicted versus actual estrogenicity activity as measured in the yeast two hybrid 

bioassays (Arulmozhiraja et al., 2005) of OH-PCBs using the 3D-QSAR model. (b) Radar 

plot showing fitness of predicted and actual activity values of training set. (c) Radar plot 

exploring fitness of predicted and actual activity values of test set.
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