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Abstract

:

Dihydroxylated polybrominated diphenyl ethers (DiOH-PBDEs) could be the metabolites of PBDEs of some organisms or the natural products of certain marine bacteria and algae. OH-PBDEs may demonstrate binding affinity to thyroid hormone receptors (TRs) and can disrupt the functioning of the systems modulated by TRs. However, the thyroid hormone disruption mechanism of diOH-PBDEs remains elusive due to the absence of diOH-PBDEs standards. This investigation explores the potential disruptive effects of OH/diOH-PBDEs on thyroid hormones via competitive binding and coactivator recruitment with TRα and TRβ. At levels of 5000 nM and 25,000 nM, 6-OH-BDE-47 demonstrated significant recruitment of steroid receptor coactivator (SRC), whereas none of the diOH-PBDEs exhibited SRC recruitment within the range of 0.32–25,000 nM. AutoDock CrankPep (ADCP) simulations suggest that the conformation of SRC and TR–ligand complexes, particularly their interaction with Helix 12, rather than binding affinity, plays a pivotal role in ligand agonistic activity. 6,6′-diOH-BDE-47 displayed antagonistic activity towards both TRα and TRβ, while the antagonism of 3,5-diOH-BDE-100 for TRα and TRβ was concentration-dependent. 3,5-diOH-BDE-17 and 3,5-diOH-BDE-51 exhibited no discernible agonistic or antagonistic activities. Molecular docking analysis revealed that the binding energy of 3,3′,5-triiodo-L-thyronine (T3) surpassed that of OH/diOH-PBDEs. 3,5-diOH-BDE-100 exhibited the highest binding energy, whereas 6,6′-diOH-BDE-47 displayed the lowest. These findings suggest that the structural determinants influencing the agonistic and antagonistic activities of halogen phenols may be more intricate than previously proposed, involving factors beyond high-brominated PBDEs or hydroxyl group and bromine substitutions. It is likely that the agonistic or antagonistic propensities of OH/diOH-PBDEs are instigated by protein conformational changes rather than considerations of binding energy.
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1. Introduction


Polybrominated diphenyl ethers (PBDEs) are a series of halogenated flame retardants that have been widely used in wire insulation, furniture, textiles, and electronic devices [1,2]. The commercial usage of penta-BDE, octa-BDE, and deca-BDE has been subject to regulation under the Stockholm Convention on Persistent Organic Pollutants since 2009 [3,4,5], aiming to curtail and limit the utilization of commercial PBDE products. PBDEs can be metabolized to hydroxylated polybrominated diphenyl ethers (OH-PBDEs) by cytochrome P-450-mediated biotransformation [6,7]. OH-PBDEs and dihydroxylated polybrominated diphenyl ethers (diOH-PBDEs) can also be the natural products of marine bacteria and sponges and/or their symbionts cyanobacteria [8]. The research conducted by Teuten et al. [9] analyzed the natural abundance of radiocarbon content of two MeO-PBDEs isolated from a True’s beaked whale (Mesoplodon mirus). It shows that MeO-PBDEs are naturally produced by ocean organisms such as algae and sponges and bioaccumulated in the beaked whale [9]. Additionally, Teuten et al. [10] identified MeO-PBDEs in pre-industrial whale oil, further supporting the natural origin of MeO-PBDEs. Agarwal et al. [11] reported marine bacteria as producers of OH-PBDEs and established a genetic and molecular foundation for their production. Now, it is widely believed the OH-PBDEs in the food chain mainly come from the biosynthesis of ocean microorganisms rather than commercial PBDE products [12] In our previous investigation, OH/diOH-PBDEs were also detected in sea fish available in markets, indicating the potential risk of human exposure to these compounds [13].



Several toxicity studies have indicated that OH-PBDEs possess the capability of competitive binding to thyroid hormone transporters and receptors owing to their structural resemblance to the thyroid hormone [14,15]. Experimental investigations have also unveiled the impact of OH-PBDEs on thyroid hormone metabolism in animals. Our study indicated that zebrafish exposure to 1 nM of 6-OH-BDE-47 can significantly elevate thyroid hormone levels [16]. Methimazole, a recognized disruptor of thyroid function, exhibited a notable association with thyroid disruption and developmental abnormalities, including delayed development, spinal curvature, and unexpanded swim bladders in zebrafish larvae [17]. In our previous study, exposure to 6-OH-BDE-47 and 6,6′-diOH-BDE-47 elicited similar malformations as those induced by methimazole [16]. The presence of the OH group has been linked to the bioavailability of PBDEs [18]. The markedly heightened toxicity of OH-PBDEs compared to PBDEs is primarily attributed to their increased hydrophilicity and binding affinity to transporter and receptor proteins. Therefore, we are intrigued to explore whether diOH-PBDEs, being more hydrophilic derivatives, exhibit stronger toxicity and receptor-binding effects. The study of diOH-PBDEs has been hindered by the absence of commercially available standards. Hence, dihydroxylated metabolites of PBDEs were synthesized as follows [13]: 3,5-dihydroxy-2,2′,4-tribromodiphenyl ether (3,5-diOH-BDE-17), 6,6′-dihydroxy-2,2′,4,4′-tetrabromodiphenyl ether (6,6′diOH-BDE47), 3,5-dihydroxy-2,3′,4,5′-tetrabromodiphenyl ether (3,5-diOH-BDE-51), and 3,5-dihydroxy-2,2′,4,4′,6-pentabromodiphenyl ether (3,5-diOH-BDE-100).



Although the OH-PBDE structures were similar, some showed agonist activity, and others showed antagonist activity [19,20]. Other structural analogs, such as diOH-PBDEs, may also have similar properties. The interaction of OH-PBDEs and the thyroid hormone receptors (TRs) is strongly associated with the toxicity of PBDEs. 4-OH-BDE-90 and 3-OH-BDE-47 exhibited antagonistic effects on the interaction between 3,3′,5-triiodo-L-thyronine (T3) (0.1 nM) and thyroid hormone receptors [21]. Notably, the presence of 4-HO-BDE-90 at a concentration of 10.0 μM exerted a substantial suppression on TRs-mediated transcriptional activity induced by T3. Four low-brominated OH-PBDEs (2′-OH-BDE-28, 3′-OH-BDE-28, 5-OH-BDE-47, 6-OH-BDE-47) were found to be TR agonists, while three high-brominated OH-PBDEs (3-OH-BDE-100, 3′-OH-BDE-154, 4-OH-BDE-188) showed antagonistic activity [20]. The interaction between T3 and TRs plays a crucial role in regulating the patterns of gene expression and maintaining equilibrium in energy storage and utilization. The activities of TRs are intricately linked to the functions of a steroid receptor coactivator (SRC) and a corepressor (NCoR) [14]. In the absence of a ligand, empty TRs recruit NCoR (Figure 1), which in turn recruit histone deacetylase (HDAC3) to repress expression via histone deacetylation. Binding of T3 leads to conformational changes in the TRs and dismissal of NCoR. The TRs-T3 complex can recruit the SRC (Figure 1), which includes histone acetyl and methyl transferase activity, thus facilitating the activation of general expression machinery and mRNA synthesis. Molecular dynamics simulations have unveiled that T3 binding triggers a cascade of conformational alterations, leading to the repositioning of Helix 12 (H12) and facilitating the recruitment of the coactivator [14]. Conversely, the interaction with antagonists augments the recruitment of the corepressor or impedes the binding of the coactivator. However, the diOH-PBDEs’ SRC recruitment disruption mechanism and the binding potency of diOH-PBDEs to the TR were limited.



In the present investigation, the agonistic and antagonistic activities of 3,5-diOH-BDE-17, 3,5-diOH-BDE-51, 3,5-diOH-BDE-100, 6-OH-BDE-47, and 6,6′-diOH-BDE-47 on the TRs were assessed utilizing an SRC recruitment assay and competitive binding assay. The binding of SRC with the TR–ligand complex was simulated by AutoDock CrankPep. Molecular docking and molecular dynamics simulations were performed to understand the structural basis of the experimentally observed TR-OH/diOH-PBDEs binding effect. Our results provided the first in vitro and in silico piece of evidence of the interaction between TR, coactivator, and diOH-PBDEs. The binding data obtained from both in vitro and in silico approaches hold significant implications for comprehending the toxicity and environmental risk posed by diOH-PBDEs.




2. Materials and Methods


2.1. Chemicals


Target compounds 3,5-diOH-BDE-17, 6,6′-diOH-BDE-47, 3,5-diOH-BDE-51, 3,5-diOH-BDE-100, and 6-OH-BDE-47 were synthesized in our laboratory (Figure 2). Dimethyl sulfoxide (DMSO) and 3,3,5-triiodo-l-thyronine (T3) with a purity of 99.0% and 98% were procured from Aladdin (Shanghai, China). The stock solutions were dissolved in DMSO and stored in amber glass vials at 4 °C. The concentrations for 3,5-diOH-BDE-17, 6,6′-diOH-BDE-47, 3,5-diOH-BDE-51, 3,5-diOH-BDE-100, 6-OH-BDE-47, and T3 were 2.5 mM. The LanthaScreen™ TR-FRET Thyroid Receptor alpha and beta Coactivator Assay kit was acquired from Invitrogen Corporation of Thermofisher Scientific (Carlsbad, CA, USA). The non-binding surface 384 well plates were obtained from Corning (New York, NY, USA).




2.2. Coactivator Recruitment Assay


Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) was employed to assess the potential of OH/diOH-PBDEs as TR agonists or antagonists via the recruitment of a TR coactivator. Fluorescein–SRC (Sequence: LKEKHKILHRLLQDSSSPV) served as the coactivator in this investigation. The terbium label on the anti-GST antibody (TRα or TRβ receptor) is excited and emission at the wavelength 340 nm and 495 nm, respectively. The emission of 495 nm has a time delay. Meanwhile, 495 nm was the excitation wavelength for fluorescein–SRC, and 520 nm was the emission wavelength for fluorescein. The excitation of fluorescein depends on the distance between terbium and fluorescein, which signifies the distance between the TR receptor and the SRC.



The OH/diOH-PBDEs exhibit structural similarity to T3. If OH/diOH-PBDEs bind to the TR and display similar TR agonistic activity, fluorescein-SRC recruitment would occur, resulting in the emission of both 520 nm and 495 nm wavelengths. Conversely, if OH/diOH-PBDEs fail to bind with the TR or exhibit TR antagonistic effects, the recruitment of fluorescein-SRC would be hindered. Consequently, the energy emitted by terbium would not stimulate the distinct signal of fluorescein (520 nm) within SRC. The TR-FRET method can circumvent interference from compound auto-fluorescence or light scatter from precipitated compounds. The EnVision Multilabel Reader from PerkinElmer (Hopkinton, MA, USA) was recommended by the coactivator assay kit manual and utilized in this study. The delay time and integration time were set at 100 μs and 200 μs, respectively.



The coactivator recruitment experiment was conducted on a 384-well plate. The final concentrations of other reagents in the well were 0.5 nM TRβ LBD-GST, 200 nM Fluorescein-SRC, and 2 nM Tb anti-GST antibody. The incubation period was set to 2 h based on the kit manual. Experiments were conducted with three replicate wells for each sample in the 384-well assay plates, and three parallel samples were performed to ensure the accuracy and reproducibility of the results. The concentration of T3 ranged from 0.32 to 5000 nM and 0.032 to 1000 nM for TRα and TRβ for the dose–response curves of T3, respectively. In the TR coactivator recruitment assay to assess OH/diOH-PBDEs TR agonist activity, varying concentrations of ligands were added to the plate wells. The concentration of OH/diOH-PBDEs ranged from 0.32 nM to 25,000 nM, while T3 ranged from 0.08 nM to 1000 nM. For the study on competitive binding of OH/diOH-PBDEs with T3 on TR, OH/diOH-PBDEs were consistently added at a concentration of 25,000 nM to each well. T3 was within the concentration range of 1.6–2000 nM for the TRα group and 0.16–1000 nM for the TRβ group.




2.3. In Silico Simulations


The interaction between SRC and the TR–ligand complex was simulated using AutoDock CrankPep (ADCP, Version 1.0 rc1) [22]. ADCP is a specialized AutoDock docking engine designed specifically for peptide docking [23]. A Monte Carlo search algorithm is employed to fold the SRC while simultaneously optimizing its interaction with the TR–ligand complex. Each ADCP docking comprises a predetermined number of independent Monte Carlo searches known as replicas. In this investigation, 50 replicas were utilized, with each allocated 1 million Monte Carlo steps per amino acid of the SRC. Each search begins with an extended conformation of the SRC, generated from its sequence, randomly rotated, and randomly positioned within the docking box [23]. The dimensions of the docking box were determined based on the size of the SRC and the binding pocket of TRα and TRβ for the peptide.



Molecular docking was employed to simulate the binding affinity of TRα and TRβ with OH/diOH-PBDEs. During the molecular docking process, grid energy calculations and semi-flexible docking were performed using Autodock v4.2.6 (La Jolla, CA, USA) to generate the ligand–receptor complex. The optimal configuration was selected based on the conformation with the lowest binding energy. Molecular dynamics simulations were conducted to simulate the behavior of TRα and TRβ, along with the receptor–ligand complex, using GROMACS gromacs-2019.1. In this study, a simulation period of 10 nanoseconds was employed for the protein, with a time step of 0.2 femtoseconds. The protein–ligand interactions were depicted schematically using LIGPLOT v2.2.8. Visualization of the proteins was accomplished using UCSF ChimeraX v1.1 [24,25].





3. Results and Discussion


3.1. TR Coactivator Recruitment Assay for OH/diOH-PBDEs TR Agonists Activity


The in vitro assay for thyroid TR coactivator recruitment was employed to evaluate the TR activity of OH/diOH-PBDEs. In the absence of T3, TR formed complexes with nuclear receptor corepressors. Upon TR binding with T3, the nuclear receptor corepressors were released, thereby facilitating the recruitment of coactivator proteins such as SRC [26]. TRα exhibited a greater binding affinity to T3 than TRβ (Figure 3). The recruitment of TRα and TRβ to SRC was observed to be T3 dose-dependent, with respective half-maximal effective concentration (EC50) values of 63.85 nM and 157.19 nM. In the 125I-T3 TR competitive binding assay, the dissociation constants (Kd) of TRα-T3 and TRβ-T3 were measured as 0.058 nM and 0.081 nM [27], indicating a higher binding affinity of TRα to T3 than TRβ. Ocasio and Scanlan employed 125I-T3 as a probe that specifically binds to TR-LBD at the T3-binding site. Competitive binding of T3 or a ligand with TR-LBD displaces the probe from the receptor. Levy et al. reported an EC50 of 124 nM for TRα SRC2 recruitment, which is consistent with the findings of this study [28]. It is essential to acknowledge that the EC50 values may be influenced by variations in the binding assay protocol. As the competitive binding assay protocol may not capture the complete conformational changes in TR or the recruitment of SRC, the resulting binding EC50 could be lower than that obtained in this study. Based on Figure 3, the peak concentrations of T3 for TRα and TRβ approached but did not reach a maximum 520/495 signal. This outcome could potentially impact the precision of the EC50 values. However, despite setting the maximum concentration of OH/diOH-PBDEs in Figure 4 close to their maximum solubility in water, a complete dose–response curve for OH/diOH-PBDEs was still not achieved. Consequently, conducting a comparison of EC50 values between OH-PBDEs and T3 is infeasible, and the relatively lower accuracy of the EC50 values for T3 can be considered acceptable.



In the TRα SRC recruitment assay, only 6-OH-PBDEs at concentrations of 5000 nM and 25,000 nM exhibited significant SRC recruitment, as illustrated in Figure 4A. None of the other four diOH-PBDEs displayed SRC recruitment activity. Specifically, within the TRα group, 6-OH-BDE-47 at concentrations of 5000 nM and 25,000 nM demonstrated considerable SRC recruitment (Dunnett’s test, p = 0.008, n = 3; p = 0.001, n = 3), as depicted in Figure 4A. In the TRβ group, 6-OH-BDE-47 at a concentration of 25,000 nM exhibited notable SRC recruitment (Dunnett’s test, p = 0.01, n = 3), as shown in Figure 4B. None of the remaining four diOH-PBDEs exhibited SRC recruitment potency in either the TRα or TRβ coactivator assay groups (Figure 4). At the concentration of 25,000 nM, the 520/495 signal ratio for 6-OH-BDE-47 was 0.95 and 1.0 for the TRα and TRβ groups. However, these signals were markedly weaker compared to the T3-induced response at a concentration of 1000 nM. Therefore, 6-OH-BDE-47 was considered to be a weak TR agonist. In Ren et al.’s study (2013), four low-brominated OH-PBDEs (2′-OH-BDE-28, 3′-OH-BDE-28, 5-OH-BDE-47, 6-OH-BDE-47) were found to be TR agonists. Disruption of functions of thyroid hormone modulated pathways by OH-PBDEs was evaluated by assays of competitive binding, coactivator recruitment, and proliferation of GH3 cells in Chen et al. study [14]. Some OH-PBDEs were able to bind to TR with moderate affinities but were not agonists. The reported study and our data indicated that only a part of the OH/diOH-PBDEs showed TR agonist activities in the coactivator recruitment assay. In GH3 proliferation assays, 13 out of 16 HO-PBDEs were antagonists for the thyroid hormone [14]. Hofmann et al. constructed a TH-responsive luciferase-based reporter plasmid and established a reporter gene assay using the human hepatocarcinoma cell line HepG2 as the host system [29]. TBBPA is a bromine-generation retardant similar to PBDEs in this study. No adverse effects of TBBPA in concentrations up to 10 μM were detected in the HepG2 cell viability assay. However, TBBPA exhibited a substantial reduction in DIO1 expression at a concentration of 10 μM. This suggests that despite the absence of discernible thyroid hormone receptor activity in the testing method, contaminants may still elicit variances in gene expression.



The binding of SRC with the TR–ligand complex was simulated by ADCP. Different from the ligand binding deep into the receptors, the peptides bind to the shallow surface of the receptors. Furthermore, extended amino acid chains possess a greater number of degrees of freedom. As a consequence, this study employed 50 replicas, each allocated 1 million Monte Carlo steps per amino acid. Data reduction is necessary when analyzing the docking results. The term “cluster” in Table 1 refers to a group of similar molecular conformations that are identified during the analysis of docking results. The interaction between SRC and the TRα–ligand complex exhibited a range of −22.1 to −20.9 kcal/mol for best binding affinity and −21.1 to −18.0 kcal/mol for the cluster average binding affinity (Table 1). The association between SRC and the TRβ–ligand showcased a higher degree of binding affinity, ranging from −25.3 to −22.0 kcal/mol for best binding affinity and −23.4 to −19.4 kcal/mol for cluster average binding affinity (Table 1). Remarkably, the highest binding affinity was not observed in the T3 group. Nonetheless, only T3 and 6-OH-BDE-47 exhibited SRC recruitment and TR agonist activity (Figure 4). The binding affinity of SRC to the TR–ligand did not demonstrate a direct correlation with agonist activity.



The configurations of SRC engaging with TR–ligand complexes, as simulated by ADCP, are depicted in Figure 5. SRC’s binding with TR-T3 and TR-6-OH-BDE-47 (light blue and light purple) revealed a similar conformation for both TRα and TRβ (Figure 5A,C). TR consists of twelve α-helices (Helix 1–Helix 12), and SRC exhibited stronger interaction with Helix 12 in TR-T3 and TR-6-OH-BDE-47 than with other TR-diOH-PBDEs (Figure 5). The binding of an agonist to TR induces a conformational shift around Helix 12, resulting in heightened affinity for the coactivator peptide [14,20]. The binding of an agonist with TR triggers a conformational alteration around Helix 12, resulting in an increased affinity for the coactivator peptide [14,20]. This suggests that the conformation of SRC and TR–ligand complexes, particularly their interaction with Helix 12, plays a pivotal role in ligand agonistic activity rather than merely the binding affinity. The experimental 3D structure of TR binding with SCR2-2 was not reported. When considering only the top-ranking solution, the docking success rate of ADCP reached approximately 62% for the complexes [30]. The predicted 3D structure of TR–ligand–SRC by ADCP served as a supplementary tool for understanding the interaction between the nuclear receptor and coactivator. However, the experimental 3D structure of the complex remains imperative.




3.2. OH/diOH-PBDEs Competitive Binding with T3 for TR Antagonistic Activity Assay


Figure 4 depicts that the four diOH-PBDEs failed to induce SRC recruitment within the concentration spectrum of 0.32–25,000 nM. However, whether the incapacity of diOH-PBDEs to bind to TRα and TRβ is attributed to their antagonistic activity or merely their lack of binding capability remains ambiguous. To delve further into this, a TR-FRET coactivator assay was conducted to assess the competitive binding of T3 and OH/diOH-PBDEs (Figure 6). OH/diOH-PBDEs were consistently added at a concentration of 25,000 nM to each well. T3 ranged from 1.6 to 2000 nM for the TRα group and from 0.16 to 1000 nM for the TRβ group (Figure 6). The groups treated with 3,5-diOH-BDE-17 and 3,5-diOH-BDE-51 exhibited dose-signal curves remarkably akin to those of the T3-only group (Figure 6). This observation suggests that the competitive binding affinity was minimal at a concentration of 25,000 nM for 3,5-diOH-BDE-17 and 3,5-diOH-BDE-51. At lower T3 concentrations (below 40 nM), the T3 + 6-OH-BDE-47 groups exhibited a statistically significant difference compared to the T3-only group, indicative of 6-OH-BDE-47′s status as a weak TR agonist. However, at higher T3 concentrations, the disparity diminished. For T3 concentrations exceeding 40 nM, the 6,6′-diOH-BDE-47 group exhibited a marked difference compared to the T3-only group. 3,5-diOH-BDE-100 also showed antagonistic activity up to 200 nM for TRα and 20–100 nM for TRβ. This reveals that 6,6′-diOH-BDE-47 exhibited antagonistic activity for both TRα and TRβ, while 3,5-diOH-BDE-100 antagonistic for TRα and TRβ was concentration related. Ren et al. assessed the activity of OH-PBDEs as TR antagonists by examining the cell proliferation of a TR-dependent rat pituitary tumor cell line [20]. The study also indicated that high-brominated PBDEs, including 3-OH-BDE-100, exhibit antagonistic activity [20]. A CHO-K1 cell–based reporter gene assay demonstrated that 4-HO-BDE-90 has antagonistic activity against both TRα and TRβ [19]. Kojima et al. proposed that essential structural factors such as the 4-hydroxyl group and two bromine substitutions adjacent to the hydroxyl group on the phenyl group contribute to the antagonistic activity of OH-PBDEs for TR [19]. The antagonistic activity of 6,6′-diOH-BDE-47 and 3,5-diOH-BDE-100 in this study suggests that structural factors determining the agonistic and antagonistic properties of halogen phenols may be more intricate than those involving high-brominated PBDEs or hydroxyl group and bromine substitutions.




3.3. Molecular Docking and Molecular Dynamic Simulations of OH/diOH-PBDEs with TR


From the preceding outcomes, it can be found that the tested OH/diOH-PBDEs, with very similar chemical structures and only different in the degree of bromination or hydrogen groups, have different activities (agonistic or antagonistic) for TR. The interactions between OH-PBDEs and TR were scrutinized via molecular docking. Visual depictions of the TRα and TRβ binding complexes in the presence of T3 and OH/diOH-PBDEs are presented in Figure 6 and Figure 7. Binding parameters obtained from the Autodock analysis are listed in Table 2. The affinity of OH/diOH-PBDEs for TR appeared to be less potent compared to T3. The hydrophilic amino acid substitutions reside in the inner confines of the ligand binding domain, while the OH groups are positioned towards the entry point of this domain (Figure 7). T3 assumed an appropriate orientation upon binding in accordance with observations from the human thyroid hormone receptor [31]. Hydrogen bonding interactions were observed between T3 and the side chains of Arg87 (TRα), Met118 (TRα), Met313 (TRβ), Arg320 (TRβ), Asn331 (TRβ), and His435 (TRβ) (Table 2). His435 was also noted in other T3 hydrogen bonds in human thyroid hormone receptors [20]. The binding mechanism of OH/diOH-PBDEs exhibited significant parallels with that of T3. All OH/diOH-PBDEs under examination could fit within the TR binding pocket (Figure 7). However, distinct binding positions and geometries were evident between T3 and OH/diOH-PBDEs. The length of T3 extended to 12.37 Å, surpassing the range of OH/diOH-PBDEs (10.19–11.29 Å). T3 exhibited a deeper binding orientation within the pocket. The deeper binding of T3 with TR might be attributed to its relatively lower hydrophobic interactions, thereby resulting in a reduced steric effect.



The binding energy of T3 surpassed that of OH/diOH-PBDEs. The computed binding energies of T3 with TRα and TRβ were −10.51 and −11.75 kcal/mol, respectively (Table 2). The binding energies of OH/diOH-PBDEs with TRα ranged from −7.50 to −9.55 kcal/mol, and with TRβ ranged from −7.74 to −8.95 kcal/mol (Table 2). Notably, 3,5-diOH-BDE-17, 3,5-diOH-BDE-51, and 3,5-diOH-BDE-100 exhibited highly analogous chemical structures, differing mainly in their bromination degrees. Evidently, the binding energy trend demonstrated an increasing pattern with higher bromine content. Among the seven OH/diOH-PBDEs investigated in this study, 3,5-diOH-BDE-100, with the greatest number of bromine atoms, demonstrated the most favorable binding energy. This suggests that the hydrophobic interaction of OH/diOH-PBDEs with TR plays a pivotal role in determining the binding energy.



Both the conformational dynamics of TR-OH/diOH-PBDEs complexes and the positional dynamics of OH/diOH-PBDEs were acceptable. The root-mean-squared deviation (RMSD) was used as an indicator to monitor the conformational dynamic stability of the protein–ligand complex during the molecular dynamics simulations. In this study, the MD simulations were extended over a duration of 10 ns with a time step of 10 ps. R The RMSDs within the TRα–ligand complex surpassed those within the TRβ–ligand complex. It indicated that the TRα-OH/diOH-PBDEs complex exhibited heightened conformational dynamics in comparison to its TRβ-OH/diOH-PBDEs counterpart. The prevalence of hydrophobic amino acids within TRβ’s composition may contribute to the stability of the protein, as these hydrophobic amino acids are capable of reinforcing the protein’s structural integrity via hydrophobic interactions [32]. Furthermore, the relatively diminished occurrence of loops within TRβ’s structure could also be implicated in yielding lower RMSD values [33]. The entire TR-OH/diOH-PBDEs system reached an equilibrium state around the 2 ns mark (Figure 8). More specifically, in the context of the TRα-OH/diOH-PBDEs complex, equilibrium was achieved after approximately 5 ns, while within the TRβ-OH/diOH-PBDEs complex, equilibrium was reached at the 2 ns interval (Figure 8A,B). It is worth noting that OH/diOH-PBDEs exerted discernible influence over the conformational dynamics observed.



RMSDs of OH/diOH-PBDEs were calculated to assess the position dynamic of the ligand. The RMSD of OH/diOH-PBDEs binding to TRα exhibited a stabilizing trend within the initial 2 ns, indicative of a steady repositioning of OH/diOH-PBDEs during this timeframe (Figure 8C,D). The averaged RMSD values associated with OH/diOH-PBDEs interaction with TRα ranged from 0.04 to 0.12 nm. In contrast, the association of T3 with TRα demonstrated a relatively heightened positional dynamism, with an RMSD of 0.15 nm. Similarly, the amalgamation of OH/diOH-PBDEs with TRβ attained stability after a 2 ns period. The averaged RMSD values for OH/diOH-PBDEs binding to TRβ spanned from 0.04 to 0.18 nm. 3,5-diOH-BDE-17 had a relatively high position dynamic when combined with TRβ.





4. Conclusions


In the thyroid hormones SRC recruitment assay, only 6-OH-PBDEs at concentrations of 5000 nM and 25,000 nM exhibited significant SRC recruitment. None of the diOH-PBDEs elicited SRC recruitment within the range of 0.32–25,000 nM. ADCP simulations revealed that the binding affinity of SRC to the TR–ligand did not show a direct correlation with agonist activity. The conformation of SRC and TR–ligand complexes, particularly their interaction with Helix 12, may play a pivotal role in ligand agonistic activity. 6,6′-diOH-BDE-47 displayed antagonistic activity for both TRα and TRβ, while the antagonistic effect of 3,5-diOH-BDE-100 on TRα and TRβ appeared concentration-dependent. Molecular docking analysis indicated that the binding energy of T3 surpassed that of the OH/diOH-PBDEs. 3,5-diOH-BDE-100 exhibited the highest binding energy, whereas 6,6′-diOH-BDE-47 displayed the lowest. Intriguingly, both compounds demonstrated antagonistic attributes towards thyroid hormones. Conversely, 3,5-diOH-BDE-17 and 3,5-diOH-BDE-51, closely resembling 3,5-diOH-BDE-100 in chemical structure, albeit differing solely in the extent of bromination, exhibited no discernible antagonistic activities. Structural factors determining the agonistic and antagonistic properties of halogen phenols may be more complex than those proposed by previous studies on high-brominated PBDEs or hydroxyl group and bromine substitutions. Both the agonistic and antagonistic propensities observed in the study of OH/diOH-PBDEs imply that their activity is likely influenced by subtle protein conformational changes rather than considerations of binding energy. Future research should aim to deepen the understanding of the molecular mechanisms underlying the activity of OH/diOH-PBDEs and their interactions with thyroid hormone receptors, particularly focusing on their interactions with Helix 12. Understanding how these interactions influence ligand agonistic/antagonistic activity could provide valuable insights into the mechanisms underlying thyroid hormone modulation. Furthermore, cellular experiments and in vitro experiments associated with the thyroid system are necessary to elucidate the toxicity and exposure risk of OH/diOH-PBDEs.







Author Contributions


Conceptualization J.S. and M.Z.; methodology M.Z.; software, H.T.; validation, M.Z. and H.T.; investigation, J.Z.; data curation, M.Z.; writing—original draft preparation, M.Z.; writing—review and editing, J.S. and Z.C.; visualization, B.L.; supervision, J.S., Z.C. and X.L.; project administration, H.G.; funding acquisition, J.S. and M.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (grant numbers 52200229 and 21976079); Ministry of Science and Technology of the People’s Republic of China (grant numbers 2022YFC3902201); and the Shenzhen Science and Technology Innovation Commission (STIC) Project (grant numbers JCYJ20190809171201660).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We would like to acknowledge the support of Core Research Facilities and the Center for Computational Science and Engineering of Southern University of Science and Technology for providing assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abbasi, G.; Li, L.; Breivik, K. Global Historical Stocks and Emissions of PBDEs. Environ. Sci. Technol. 2019, 53, 6330–6340. [Google Scholar] [CrossRef] [PubMed]

	



Wang, N.; Lai, C.; Xu, F.; Huang, D.; Zhang, M.; Zhou, X.; Xu, M.; Li, Y.; Li, L.; Liu, S.; et al. A review of polybrominated diphenyl ethers and novel brominated flame retardants in Chinese aquatic environment: Source, occurrence, distribution, and ecological risk assessment. Sci. Total Environ. 2023, 904, 166180. [Google Scholar] [CrossRef] [PubMed]

	



UNEP. Fourth Meeting of the Conference of the Parties to the Stockholm Convention. 2009. Available online: http://Chm.Pops.Int/Programmes/Newpops/The9newpops/Tabid/672/Language/En-Us/Default.Aspx (accessed on 18 March 2024).

	



UNEP. Technical Review of the Implications of Recycling Commercial Penta and Octabromodiphenyl Ethers. Annexes. Stockholm Convention Document for 6th Pop Reviewing Committee Meeting (Unep/Pops/Poprc.6/Inf/6). 2010. Available online: http://Chm.Pops.Int/Portals/0/Repository/Poprc6/Unep-Pops-Poprc.6-2.English.Pdf (accessed on 18 March 2024).

	



UNEP. Eighth Meeting of the Conference of the Parties to the Stockholm Convention. 2017. Available online: http://Chm.Pops.Int/Theconvention/Conferenceoftheparties/Meetings/Cop8/Tabid/5309/Default.Aspx (accessed on 18 March 2024).

	



Mizukawa, H.; Nomiyama, K.; Kunisue, T.; Watanabe, M.X.; Subramanian, A.; Iwata, H.; Ishizuka, M.; Tanabe, S. Organohalogens and their hydroxylated metabolites in the blood of pigs from an open waste dumping site in south India: Association with hepatic cytochrome P450. Environ. Res. 2015, 138, 255–263. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, X.B.; Erratico, C.; Abdallah, M.A.E.; Negreira, N.; Luo, X.J.; Mai, B.X.; Covaci, A. In vitro metabolism of BDE-47, BDE-99, and α-, β-, γ-HBCD isomers by chicken liver microsomes. Environ. Res. 2015, 143, 221–228. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, V.; Blanton, J.M.; Podell, S.; Taton, A.; Schorn, M.A.; Busch, J.; Lin, Z.; Schmidt, E.W.; Jensen, P.R.; Paul, V.J.; et al. Metagenomic discovery of polybrominated diphenyl ether biosynthesis by marine sponges. Nat. Chem. Biol. 2017, 13, 537. [Google Scholar] [CrossRef] [PubMed]

	



Teuten, E.L.; Xu, L.; Reddy, C.M. Two Abundant Bioaccumulated Halogenated Compounds Are Natural Products. Science 2005, 307, 917–920. [Google Scholar] [CrossRef] [PubMed]

	



Teuten, E.L.; Reddy, C.M. Halogenated organic compounds in archived whale oil: A pre-industrial record. Environ. Pollut. 2007, 145, 668–671. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, V.; Moore, B.S. Enzymatic Synthesis of Polybrominated Dioxins from the Marine Environment. ACS Chem. Biol. 2014, 9, 1980–1984. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, Y.; Li, S.J.; Huang, H.; Chen, Y.Z.; Wang, X.T. A Review of Hydroxylated and Methoxylated Brominated Diphenyl Ethers in Marine Environments. Toxics 2022, 10, 751. [Google Scholar] [CrossRef]

	



Zhang, M.T.; Guo, W.; Wei, J.T.; Shi, J.H.; Zhang, J.W.; Ge, H.; Tao, H.Y.; Liu, X.W.; Hu, Q.; Cai, Z.W. Determination of newly synthesized dihydroxylated polybrominated diphenyl ethers in sea fish by gas chromatography-tandem mass spectrometry. Chemosphere 2020, 240, 124878. [Google Scholar] [CrossRef]

	



Chen, Q.; Wang, X.; Shi, W.; Yu, H.; Zhang, X.; Giesy, J.P. Identification of Thyroid Hormone Disruptors among HO-PBDEs: In Vitro Investigations and Coregulator Involved Simulations. Environ. Sci. Technol. 2016, 50, 12429–12438. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Xiang, L.; Cai, Z. Emerging Environmental Pollutants Hydroxylated Polybrominated Diphenyl Ethers: From Analytical Methods to Toxicology Research. Mass Spectrom. Rev. 2021, 40, 255–279. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.T.; Zhao, F.; Zhang, J.W.; Shi, J.H.; Tao, H.Y.; Ge, H.; Guo, W.; Liu, D.; Cai, Z.W. Toxicity and accumulation of 6-OH-BDE-47 and newly synthesized 6,6′-diOH-BDE-47 in early life-stages of Zebrafish (Danio rerio). Sci. Total Environ. 2021, 763, 143036. [Google Scholar] [CrossRef] [PubMed]

	



Elsalini, O.A.; Rohr, K.B. Phenylthiourea disrupts thyroid function in developing zebrafish. Dev. Genes Evolut. 2003, 212, 593–598. [Google Scholar] [CrossRef]

	



Usenko, C.Y.; Hopkins, D.C.; Trumble, S.J.; Bruce, E.D. Hydroxylated PBDEs induce developmental arrest in Zebrafish. Toxicol. Appl. Pharmacol. 2012, 262, 43–51. [Google Scholar] [CrossRef]

	



Kojima, H.; Takeuchi, S.; Uramaru, N.; Sugihara, K.; Yoshida, T.; Kitamura, S. Nuclear Hormone Receptor Activity of Polybrominated Diphenyl Ethers and Their Hydroxylated and Methoxylated Metabolites in Transactivation Assays Using Chinese Hamster Ovary Cells. Environ. Health Perspect. 2009, 117, 1210–1218. [Google Scholar] [CrossRef]

	



Ren, X.M.; Guo, L.H.; Gao, Y.; Zhang, B.T.; Wan, B. Hydroxylated polybrominated diphenyl ethers exhibit different activities on thyroid hormone receptors depending on their degree of bromination. Toxicol. Appl. Pharmacol. 2013, 268, 256–263. [Google Scholar] [CrossRef]

	



Kitamura, S.; Shinohara, S.; Iwase, E.; Sugihara, K.; Uramaru, N.; Shigematsu, H.; Fujimoto, N.; Ohta, S. Affinity for Thyroid Hormone and Estrogen Receptors of Hydroxylated Polybrominated Diphenyl Ethers. J. Health Sci. 2008, 54, 607–614. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sanner, M.F. Docking Flexible Cyclic Peptides with AutoDock CrankPep. J. Chem. Theory Comput. 2019, 15, 5161–5168. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sanner, M.F. AutoDock CrankPep: Combining folding and docking to predict protein–peptide complexes. Bioinformatics 2019, 35, 5121–5127. [Google Scholar] [CrossRef]

	



Goddard, T.D.; Huang, C.C.; Meng, E.C.; Pettersen, E.F.; Couch, G.S.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci. 2018, 27, 14–25. [Google Scholar] [CrossRef] [PubMed]

	



Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, T.I.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX: Structure visualization for researchers, educators, and developers. Protein Sci. 2021, 30, 70–82. [Google Scholar] [CrossRef] [PubMed]

	



Mendoza, A.; Hollenberg, A.N. New insights into thyroid hormone action. Pharmacol. Ther. 2017, 173, 135–145. [Google Scholar] [CrossRef] [PubMed]

	



Ocasio, C.A.; Scanlan, T.S. Characterization of thyroid hormone receptor α(TRα)-specific analogs with varying inner- and outer-ring substituents. Bioorg. Med. Chem. 2008, 16, 762–770. [Google Scholar] [CrossRef] [PubMed]

	



Levy-Bimbot, M.; Major, G.; Courilleau, D.; Blondeau, J.P.; Levi, Y. Tetrabromobisphenol-A disrupts thyroid hormone receptor alpha function in vitro: Use of fluorescence polarization to assay corepressor and coactivator peptide binding. Chemosphere 2012, 87, 782–788. [Google Scholar] [CrossRef]

	



Hofmann, P.J.; Schomburg, L.; Köhrle, J. Interference of Endocrine Disrupters with Thyroid Hormone Receptor–Dependent Transactivation. Toxicol. Sci. 2009, 110, 125–137. [Google Scholar] [CrossRef] [PubMed]

	



Shanker, S.; Sanner, M.F. Predicting Protein–Peptide Interactions: Benchmarking Deep Learning Techniques and a Comparison with Focused Docking. J. Chem. Inf. Model. 2023, 63, 3158–3170. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, R.C.; Apriletti, J.W.; Wagner, R.L.; Feng, W.; Kushner, P.J.; Nilsson, S.; Scanlan, T.S.; West, B.L.; Fletterick, R.J.; Baxter, J.D. X-ray Crystallographic and Functional Studies of Thyroid Hormone Receptor. J. Steroid Biochem. Mol. Biol. 1998, 65, 133–141. [Google Scholar] [CrossRef]

	



Khan, M.U.; Besis, A.; Li, J.; Zhang, G.; Malik, R.N. New insight into the distribution pattern, levels, and risk diagnosis of FRs in indoor and outdoor air at low- and high-altitude zones of Pakistan: Implications for sources and exposure. Chemosphere 2017, 184, 1372–1387. [Google Scholar] [CrossRef]

	



Heo, S.; Lee, J.; Joo, K.; Shin, H.C.; Lee, J. Protein Loop Structure Prediction Using Conformational Space Annealing. J. Chem. Inf. Model. 2017, 57, 1068–1078. [Google Scholar] [CrossRef]








[image: Toxics 12 00281 g001] 





Figure 1. T3 binds to TRs to modulate gene expression in the nucleus. TRs heterodimerize with retinoid X receptor (RXR) on thyroid hormone response element (TRE) in the genome. In the absence of T3, the TRs recruit nuclear corepressors (NCoR), repress TRE, and affect the expression of TR target genes. TRs binding to T3 induces the dismissal of NCoR, recruitment of steroid receptor coactivator (SRC), and activation of the gene expression. 
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Figure 2. Chemical structures for T3 and OH/diOH-PBDEs used in the present study. 
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Figure 3. Dose–response curves of T3 for (A) TRα and (B) TRβ coactivator recruitment assay with serial dilution of agonist T3 for 2 h incubation. Values represent mean ± SD from three independent experiments performed in triplicates. Curves were fit using a sigmoidal dose–response equation in OriginLab Origin 8.1. 






Figure 3. Dose–response curves of T3 for (A) TRα and (B) TRβ coactivator recruitment assay with serial dilution of agonist T3 for 2 h incubation. Values represent mean ± SD from three independent experiments performed in triplicates. Curves were fit using a sigmoidal dose–response equation in OriginLab Origin 8.1.



[image: Toxics 12 00281 g003]







[image: Toxics 12 00281 g004] 





Figure 4. TR coactivator recruitment assay for OH/diOH-PBDEs TR agonist activity. (A) TRα and (B) TRβ binding to T3 or OH/diOH-PBDEs induces the recruitment of SRC and activation 520/495 signal. Values represent mean ± SD from three independent experiments performed in triplicates. One-way analysis of variance (ANOVA) with Dunnett’s test was applied for the statistical analysis. * p < 0.05 and ** p < 0.01 indicate significant differences between the exposure groups and control group. 
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Figure 5. Binding of SRC with TR–ligand complex simulated by AutoDock CrankPep. In (A,C), light blue TR-T3-SRC, light purple TR-6-OH-BDE-47-SRC, light green, reddish brown, and magenta are TR-diOH-PBDE-SRC, and light yellow is without any ligand binding; (B,D) are TR-T3-SRC and TR-6-OH-BDE-47-SRC complex interaction with Helix 12. 
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Figure 6. OH/diOH-PBDEs competitive binding with T3 for TR antagonistic activity assay. (A) TRα and (B) TRβ binding to T3 or OH/diOH-PBDEs induces the recruitment of SRC and activation 520/495 signal. OH/diOH-PBDEs were consistently at a concentration of 25,000 nM in each group. T3 was within the concentration range of 1.6–2000 nM for the TRα group and 0.16–1000 nM for the TRβ group. Values represent mean ± SD from three independent experiments performed in triplicates. One-way analysis of variance (ANOVA) with Dunnett’s test was applied for the statistical analysis. * p < 0.05 and ** p < 0.01 indicate significant differences between the exposure groups and control group. 
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Figure 7. Ligand–protein interaction diagrams of TRα and TRβ with T3 (A,G) and T3 superposed diagrams with 3,5-diOH-BDE-17 (B,H), 3,5-diOH-BDE-51 (C,I), 3,5-diOH-BDE-100 (D,J), 6-OH-BDE-47 (E,K), and 6,6′-diOH-BDE-47 (F,L). Any conserved interactions are highlighted. The ligands and protein side chains are shown in ball-and-stick representation, with the ligand bonds colored purple. Hydrogen bonds are shown as green dotted lines, while the spoked arcs represent protein residues making nonbonded contacts with the ligand. The red circles and ellipses indicate protein residues that are in equivalent 3D positions when the two structural models are superposed. 
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Figure 8. The root-mean-square deviation (RMSD) of carbon atoms (backbone) of (A) TRα and (B) TRβ OH/diOH-PBDEs and RMSD of OH/diOH-PBDEs in the (C) TRα and (D) TRβ monitored during a 10 ns MD simulation trajectory. 
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Table 1. Interaction of SRC and the TR–ligand complex simulated by AutoDock CrankPep.
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Compound

	
TRα

	
TRβ




	
Best Binding

Affinity (kcal/M)

	
Cluster Size

	
Cluster Average Binding

Affinity (kcal/M)

	
Best Binding

Affinity (kcal/M)

	
Cluster Size

	
Cluster Average Binding

Affinity (kcal/M)






	
T3

	
−21.2

	
32

	
−19.3

	
−24.3

	
28

	
−21.2




	
3,5-diOH-BDE-17

	
−21.1

	
18

	
−19.3

	
−22.0

	
34

	
−19.9




	
3,5-diOH-BDE-51

	
−20.7

	
29

	
−19.0

	
−22.3

	
36

	
−19.4




	
3,5-diOH-BDE-100

	
−21.8

	
37

	
−19.3

	
−22.7

	
13

	
−22.2




	
6-OH-BDE-47

	
−21.5

	
10

	
−21.1

	
−25.3

	
32

	
−23.4




	
6,6′-diOH-BDE-47

	
−22.1

	
52

	
−19.6

	
−22.4

	
24

	
−21.5











 





Table 2. Molecular length and docking results 