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Abstract
Background: Aryl hydrocarbon receptor (AhR) ligands may act as potential carcinogens or anti-tumor agents.
Understanding how some of the residues in AhR ligand binding domain (AhRLBD) modulate their interactions with
ligands would be useful in assessing their divergent roles including toxic and beneficial effects. To this end, we have
analysed the nature of AhRLBD interactions with 2,3,7,8-tetrachlorodibenzo-ρ-dioxin (TCDD), 6-formylindolo[3,2-b]carbazole
(FICZ), indole-3-carbinol (I3C) and its degradation product, 3,3′-diindolylmethane (DIM), Resveratrol (RES) and its analogue,
Piceatannol (PTL) using molecular modeling approach followed by molecular dynamic simulations.
Results: Results showed that each of the AhR ligands, TCDD, FICZ, I3C, DIM, RES and PTL affect the local and
global conformations of AhRLBD.
Conclusion: The data presented in this study provide a structural understanding of AhR with its ligands and set
the basis for its functions in several pathways and their related diseases.
Keywords: Aryl hydrocarbon receptor, Molecular modelling, Molecular dynamic simulations, Dietary compounds

Background
The aryl hydrocarbon receptor (AhR) is a widely
expressed heterodimeric transcriptional regulator, belonging to the basic helix-loop-helix family, in mammals.
AhR plays a prominent role in the mechanistic facilitation of biotransformation and toxicity elimination encountered from the environment [1]. This receptor is a
transcription factor inducing the expression of a large
number of genes and producing different biological and
toxic effects [2]. AhR is distinct from other members of
the Per-Arnt-Sim (PAS) proteins by being able to be activated with ligands [3] such as 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), 6-formylindolo[3,2-b]carbazole
(FICZ), kynurenine and 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) [4], Indole-3carbinol (I3C) [5], Diindolylmethane (DIM) [6], Resveratrol (RES) [7] and the like, known to mediate cellular
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responses to such ligands and metabolic responses to
the toxic compounds.
AhR also plays a critical role in regulating the functions
of immune, hepatic, vascular, cardiovascular and reproductive systems [8]. AhR activation has been implicated in
immune responses specifically in the differentiation of T
regulatory cells (Tregs) as well as T helper (Th)-17 cells
[9]. Previous studies also showed that AhR controls IL-19
and IL-22 production thereby regulating T cell differentiation and consequently autoimmune diseases and immune pathology [10, 11]. AhR is vital for the dendritic
epidermal γδ T-cell maintenance and tissue-resident
memory T cell persistence in the skin [12].
Recent reports showed that AhR regulates the differentiation of Th17 and Tregs in a ligand-specific manner
[10, 11, 13] and the major factors affecting the outcome
of gene transcriptional regulation by AhR include i) nature and affinity of the ligand ii) the specific cell type
and co-activators in the cells expressing AhR [14]. AhR
is known to be activated by numerous ligands including
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environmental pollutants such as TCDD, plant products
such as I3C, DIM, and RES which have been shown to
promote the differentiation of CD4 + Foxp3+ Tregs and
inhibit the Th17 cells [15]. In contrast, FICZ, which is
an endogenously produced AhR ligand, produces the opposite effect by inducing Th17 cells and downregulating
Foxp3+ Tregs [16]. Despite the importance of AhR activity in regulating these differential effects, the precise
mechanism or interactions underlying its activity regulation with these ligands, remain poorly understood. Recent studies from our lab demonstrated that this may
result from the ability of AhR ligands to induce differential expression of microRNA [17].
The interactions between AhR and its ligand may depend on dynamical properties which may not be evident
from a single static structure. Despite recent advances in
crystallography, the complete three-dimensional structure
for AhR is ill defined and therefore a limited amount of information is available regarding the specific interactions of
the different ligands with AhR. Recent studies showed
only the crystal structure of AhR in complex with the

2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD)

Diindolylmethane
(DIM)

other receptors [18–20]. Several studies demonstrated that
AhR ligands modulate the inflammatory response in different ways [21–29]. To better understand the interactions
between AhR and its ligands herein, using AhR Ligand
binding domain (LBD) three dimensional structure, the
mechanism of TCDD (a herbicide used in the Vietnam
War), FICZ (a degradation product of tryptophan), Resveratrol (RES, a polyphenol present in the red grapes, peanuts and berries), Piceatannol (PTL, an analog of RES),
Indole-3-carbinol (I3C, present in broccoli, cabbage, cauliflower, brussels sprouts, collard greens, kale) and
3,3′-diindolylmethane (DIM, derived from the digestion
of I3C present in cruciferous vegetables) regulation/interactions by its binding residues was investigated through
molecular dynamic simulations (MDS) and binding free
energy calculations (Fig. 1). Such simulations are previously shown to capture the complete process of ligand or
drug binding to the receptor, with the ligand exploring a
receptor’s surface and ‘discovering’ the binding conformation at crystallographic accuracy, without knowledge of
the binding site [30, 31] for ligands.

6-Formylindolo[3,2-b]carbazole
(FICZ)

Resveratrol
(RES)

Indole-3-carbinol
(I3C)

Piceatannol
(PTL)

Fig. 1 Chemical structures of the ligands used in the study. In the present study, the effect of AhR ligands (TCDD, I3C, FICZ, DIM, RES, PTL) on the protein
dynamics, structure, stability and free energy landscape was examined using MDS and free energy calculations. Specifically, different conformational and
ligand bound states of AhRLBD-TCDD, AhRLBD-FICZ, AhRLBD-RES, AhRLBD-PTL, AhRLBD-DIM, AhRLBD-I3C complexes were simulated to reveal the entire
catalytic cycle, including the conformational change, substrate binding, protein dynamics, side chain interactions, and thermodynamics. The study provides
a molecular level understanding of how the residues on AhR LBD interact with these ligands
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Results
AhR LBD structure

To date, the three-dimensional (3D) structure for mouse
AhR LBD is unavailable. Only the crystallographic structure for AhR PAS-A domain (PDB ID: 4m4x) [32] and
AhR-ARNT (AhR nuclear translocator) heterodimer in
complex with the dioxin response element (DRE) (PDB
ID: 5v0l) [18] is available in the PDB database. Therefore, we constructed the 3D model for AhR LBD using
homology modelling followed by the validation using
ProSA (Protein Structure Analysis) web and Rampage
web servers. Results from the validation of built 3D
model using Ramachandran plot from Rampage web server showed that 97.6% of the total residues were in the
favoured region, 2.4% of the residues in the allowed region, and none of the residues were located in the disallowed region confirming that the protein backbone
dihedral angles phi (Φ) and psi (Ψ) occupied reasonably
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accurate positions in the built 3D model (Fig. 2c). Results from the ProSA analysis showed the z-score for the
3D model within the range of scores typically found for
native proteins of similar size (Fig. 2d). Further, results
from superimposing the built model with template
structure (4M4X-A) using CLICK server [33] and
chimera 1.10.1 showed an RMSD less than 1.5 Å and a
structure overlap of 90.48% indicating that the built
model has a similar symmetry to its template structure
(Fig. 2b). Results from the analysis of bad contacts, bond
lengths, bond angles, Φ and Ψ angles from Ramachandran plot and RMSD predictions from CLICK server
concluded that the generated structure model (Fig. 2a)
for AhR LBD is reliable for further studies.
Binding pocket for mouse AhR LBD

Results from the 3D- BLAST search for structure-based
alignment binding pocket prediction method showed 20

Fig. 2 Homology model and Quality metrics of AhR LBD. a Modelled structure of mouse AhR LBD with helices are shown in red, sheets are shown in
yellow and loops are shown in green color. The figure indicates the vicinity of the α1-helix to the N-terminus. b Superimposition of the template (light
blue) with the mouse AhR LBD model (light brown) in cartoon secondary structure with an RMSD 1.02 Å using CLICK server. c Ramachandran plot
showing energetically allowed regions for backbone dihedral angles ψ against ϕ of amino acid residues in modelled mouse AhR LBD protein structure.
The plot of AhR LBD model shows 97.6% residues in favored region, 2.4% residues in allowed region and 0.0% residues in outlier region from the total
residues. d Represents the ProSA analyses of the generated mouse AhR LBD structure model. The calculated quality (Z) scores (closed circles) are displayed
in the context of all experimentally determined protein structures available in the Protein Data Bank with each dot representing a distinct structure solved
by X-ray crystallography (light blue) or NMR (dark blue). The Left side of the figure represents the prosa-web plot of template 4M4X chain A with a z-score
value of − 3.86 whereas the right side of the figure represents the prosa-web plot of built AhR LDB model with a z-score value of − 1.37
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PDB structures that are homologous to the mouse AhR
LBD (see Additional file 1). Among these structural hits,
crystal structure of the photoactive yellow protein mutant T50 V (PDB ID: 1f98 chain A) and structure of the
redox sensor domain of Methylococcus capsulatus (Bath)
MmoS (PDB ID: 3ewk chain A), which have least identity percentage and high e-value (PBD ID: 1f98 and
3ewk) were not considered for further analysis. Results
from the alignment of structural homologs using the
Mulitprot server showed the residues Phe289, Thr290,
Pro291, Ile292, Gly293, Cys294, Asp295, Ala296, Lys297,
Gln299, Ile301 (Fig. 3a) forming the binding site with an
optimal RMSD of 1.12 Å and a core alignment size of
11. Results from the Lesk-Hubbard plot displayed number of residues within the structures with the RMSD
from the Mustang server (Additional File 2 C). Results
from the 3DLigandSite binding pocket method showed
the residues Gly250, Ala251, Leu252, Lys284, Asp288,
Ile292, Cys294, Asp295, Ala296, Lys297, Gly298,
Gln299, Leu300, Ile301, Tyr304, His320, Ala321, His326,
Glu329, Ser330, His331, Ile332, Leu347, Leu363, Leu389,
Lys391 (Fig. 3b) forming the binding pocket with a cluster of 30 ligands having an average MAMMOTH score
of 9.2. These binding site residues are in accordance
with the previously reported AhR LBD binding cavity
residues that are predicted using site-directed mutagenesis experiments [34, 35].

Page 4 of 17

Analysis of AhR ligands binding to AhR LBD

To explore the binding modes of each ligand, molecular
docking was carried out for each ligand at the AhR LBD
binding sites predicted by the structure-based alignment
and 3DLigandSite server methods and the results were
compared with the molecular docking results from the
blind docking approach (Additional file 3 A-I). Results
showed that the ligands, TCDD, FICZ, DIM, RES, and
PTL have high-affinity poses for blind docking approach
whereas I3C has high-affinity pose for the 3DLigandSite
approach (Table 1) (Fig. 4g and h). Docking results indicated that these compounds can bind tightly in these
binding sites. The respective docking poses at each binding site was shown in the Fig. 4a-f and Additional file 3
A-L. Therefore, the high affinity poses shown in the Fig.
4a-f were selected for further study. The summary of
interacting amino acid residues of AhR LBD with the
various AhR ligands at each of these positions was
shown (See additional file 4). Validation of these results
using the competitive binding assay with AhR bound
3
H-TCDD showed a similar pattern with FICZ having
the highest affinity and I3C with least affinity towards
AhR (Fig. 4i). Overall, these results showed that FICZ
has high affinity towards AhRLBD compared to the
other ligands (Table 1). Further, ligplot analysis showed
that each of these ligands bind perfectly at the active site
residues of AhR LBD (Fig. 5a-f ).

Fig. 3 Binding pockets predicted for AhR LBD. a Represent the binding pocket predicted using structure-based alignment method b Represent
the binding pocket predicted using 3DLigandsite server. AhR LBD is represented in orange color ribbons; binding pocket residues are represented
in medium blue color ball and sticks with wire surface representation
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Table 1 Binding energy and estimated binding constants of the AhR LBD-Ligand complexes calculated by Autodock
Structure based binding pocket

Blind docking

Ligand

Binding energy
(kcal/mol)

Inhibition
constant (μM)

Binding energy
(kcal/mol)

Inhibition
constant(μM)

Binding energy
(kcal/mol)

3DLigandSite
Inhibition
constant (μM)

TCDD

−5.53

87.98

−7.17

5.53

−6.07

35.38

FICZ

−5.63

75.21

−8.18

1.01

−6.49

17.56

I3C

−3.59

2350

−5.36

118.71

−5.48

95.83

DIM

−4.88

266.92

−7.18

5.44

−5.05

197.12

RES

−4.17

875.62

−7.84

1.78

−5.6

78.98

PTL

−5.73

63.08

−7.29

4.51

−6.04

37.14

The binding energy and inhibition constants for each AhRLBD-Ligand complex calculated at the residues predicted by each binding site prediction approach. The
values shown in bold letters were considered for the MDS analysis
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Fig. 4 Protein-ligand interactions across the binding pocket of AhR LBD. a, b, d, e, f Represent the docked poses of AhRLBD with its ligands at
the residues predicted using blind docking approach (c) Represent the docked poses of the AhRLBD with its ligands at the residues predicted
using Ligsite server. TCDD is shown in salmon red color sticks, FICZ is shown in cyan color sticks, I3C is shown in light orange color sticks, DIM is
shown in green color sticks, RES is shown in purple color sticks, PTL is shown in limon color sticks. AhR LBD residues are shown in sky blue color
sticks. Hydrogen bonding interactions were shown in yellow color and hydrophobic interaction were shown in grey color lines. g Represent the
bar charts showing the binding energies of each ligand against AhRLBD. h Represent the bar charts showing the log 10 estimated inhibition
constants (Ki) by Autodock for each ligand against AhRLBD. i Competitive binding assay of AhR ligands with the AhR-bound 3H-TCDD
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Fig. 5 Ligplot analysis of AhRLBD-ligand interactions shown in the Fig. 4. Ligplot showing the interactions of AhR LBD with a TCDD b FICZ c I3C
d DIM e RES f PTL. Green lines indicate the hydrogen bonds and red dotted lines indicate the hydrophobic interactions

MDS of AhR LBD and AhR LBD-ligand complexes

To gain the conformational or functional insights into the
mechanism of AhR LBD interactions with each ligand, we
have performed MDS. To analyse and determine the stability and flexibility of binding for each ligand with
AhRLBD, we have calculated the RMSD and radius of gyration (Rg) parameters during the simulation period. Results from backbone RMSD plotted as a function of time
showed that both AhRLBD and AhRLBD-ligand complex
structures exhibit deviations from their starting structure
with a major fluctuation in the initial 10–40 ns followed
by stable state after 50 ns for AhR LBD, with a stable fluctuation between 20 and 70 ns followed by a steady increase at the end of the simulation for AhRLBD-TCDD
complex, with a stable fluctuation between 40 and 80 ns
followed by a steady increase at the end of the simulation
for AhRLBD-I3C complex, with a major fluctuation in the
initial 10 ns followed by stable state after 20 ns for
AhRLBD-DIM and AhRLBD-PTL complexes, whereas no
stable state was observed for AhRLBD-FICZ and
AhRLBD-RES complexes during the total 100 ns simulation time (Fig. 6a). A similar pattern was observed for Cα

RMSD values (Additional file 5 A). Results from the average backbone RMSD values calculated after 100 ns in the
AhRLBD and AhRLBD-ligand complex state showed a
major difference in DIM (0.26 nm) and I3C (0.17 nm)
bound complexes when compared to RES (0.09 nm),
TCDD (0.08 nm), FICZ (0.03 nm) and PTL (0 nm) bound
complexes (Additional file 6) with the AhRLBD. These results indicate that DIM and I3C bound complexes are less
stable compared to the other ligand bound complexes.
Further, FICZ showed the least difference in RMSD indicating that it is highly stable compared to the other ligands. Due to higher stability of interaction, FICZ has
higher affinity towards AhRLBD compared to the other ligands. These results correlate with the hypothesis that
due to stronger binding of FICZ to the AhRLBD active site
it is able to activate AhR during TH17 cell development
thereby markedly increasing the proportion of TH17 T
cells, production of cytokines and exacerbated disease in
experimental autoimmune encephalomyelitis [10]. The
stability of the system was further evaluated by the radius
of gyration (Rg) parameter which describes the overall
compactness of protein. Results from backbone Rg
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Fig. 6 Conformational stability of the AhR LBD with each ligand during the 100 ns of MD simulations. a Represents the RMSD calculated for the AhR LBD and
AhR LBD-ligand complexes. b Represents the Radius of gyration for the AhR LBD and AhR LBD ligand complexes. The average number of intermolecular
Hydrogen bonds during 100 ns MDS for c AhRLBD-TCDD complex d AhRLBD-FICZ e AhRLBD-I3C f AhRLBD-DIM g AhRLBD-RES h AhRLBD-PTL. Black color
lines represent the presence of H-bonds

showed a steady increase followed by a steady decrease
after 20 ns for AhRLBD, a steady increase after 60 ns for
AhRLBD-TCDD complex, a steady increase during the
complete 100 ns simulation time for AhRLBD-FICZ, a
steady decrease after 30 ns followed by a steady increase
after 70 ns for AhRLBD-I3C, a steady decrease after 10 ns
for AhRLBD-DIM, a steady decrease from 22 to 52 ns

followed by a steady increase from 52 to 70 ns and a
steady decrease from 70 to 100 ns for AhRLBD-RES, a
steady decrease from 10 ns for AhRLBD-PTL (Fig. 6b). A
similar pattern was observed in the Cα Rg plots
(Additional file 5 B). Results from the comparison of average backbone Rg values with AhRLBD calculated over the
100 ns simulation showed much difference for PTL (0.06
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nm) and I3C (0.05 nm) than FICZ (0.03 nm), RES (0.03
nm), TCDD (0.02 nm) and DIM (0.01 nm) bound complexes (Additional file 6).
Results from the analysis of secondary structure elements during the simulation time showed a change in
the AhRLBD-ligand complexes compared to AhRLBD
(Additional file 5 c-i, Additional file 7). Results from the
analysis of an average number of hydrogen bonds during
the simulation time showed that in most of the
AhRLBD-ligand complexes, docking level hydrogen
bonding interactions shown by Protein-Ligand Interaction Profiler (PLIP) were maintained during the MDS
(Fig. 6c-h). For AhRLBD-TCDD (Fig. 4c) and
AhRLBD-DIM (Fig. 6f ) complexes, the hydrogen bond
occupancy between the AhRLBD protein amino acid residues and ligand atoms was lower compared to the
AhRLBD-FICZ (Fig. 6d), AhRLBD-I3C (Fig. 6e),
AhRLBD-RES (Fig. 6g) and AhRLBD-PTL (Fig. 6h) complexes. Results from the root mean square fluctuation
(RMSF) during MDS showed a high flexibility in some
of the residues for ligand bound complexes compared to
the AhRLBD (Fig. 7a-f ). Results from the distance matrices of the complexes showed a dissimilar pattern in
mean smallest distance compared to the AhRLBD
(Fig. 8a-h). Results from the distance matrices showed a
conformational dynamics in the regions that has high
fluctuations during the RMSD and RMSF analysis indicating that these regions show dynamic changes upon
binding to these ligands. The blue and green colors in

the plots indicate shorter distances between the residues
(Fig. 8a-h).
MM/PBSA binding free energy calculations for AhRLBDligand complexes

To analyse the individual contributions of amino acid
residues in AhRLBD to the interaction energies with the
ligands, we have performed the binding free energy calculations. We estimated the favorable and unfavorable
interactions based on estimated binding free energies.
Results from the binding free energy calculations
showed a different pattern of interaction energies for
each of the AhRLBD bound ligand complexes
(Additional file 7). Results from polar solvation energy,
which is an unfavorable contribution to the binding free
energy, appeared to be highly positive for FICZ, I3C,
DIM, and PTL bound AhRLBD complexes (Additional
file 7). Results for other energies such as vander Waals,
electrostatic and non-polar solvation were found to be
favorable for all the ligand bound complexes (Additional
file 7). To characterize and identify the key residues of
AhR LBD in each of the complexes, per-residue free energy decomposition analysis was performed so that we
can elucidate their individual residue energy contributions, as shown in the Fig. 9a-f. Results from per-residue
free energy decomposition analysis showed that some of
the residues in AhR LBD are significantly contributing
to binding with the ligands TCDD, FICZ, I3C, DIM,
RES, and PTL.
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Fig. 7 RMSF of AhR LBD and AhRLBD-ligand complexes during the MDS. RMSF plot of the backbone fluctuations calculated for a AhRLBD and
AhRLBD-TCDD complex b AhRLBD and AhRLBD-FICZ complex c AhRLBD and AhRLBD-I3C complex d AhRLBD and AhRLBD-DIM complex e AhRLBD
and AhRLBD-RES complex f AhRLBD and AhRLBD-PTL complex over 100 ns simulations. AhRLBD is shown in black color, AhRLBD-TCDD complex is
shown in red color, AhRLBD-FICZ complex is shown in green color, AhRLBD-I3C complex is shown in blue color, AhRLBD-DIM complex is shown in
yellow color, AhRLBD-RES complex is shown in magenta color, AhRLBD-PTL complex is shown in brown color
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Fig. 8 Different distance matrices depicting the smallest distance between residue pairs. The counter maps are calculated as the difference between
the magnitude of pairwise distance fluctuations for the residues in a AhR LBD b AhRLBD-TCDD complex c AhRLBD-FICZ d AhRLBD-I3C complex e
AhRLBD-DIM complex f AhRLBD-RES complex g AhRLBD-PTL complex during 100 ns MDS. The matrices are color coded, from red (higher distance) to
blue (lower distance). The diagonal line represents the zero distances between the residues paired with themselves, while color spots represents the
distances (nm) for each residue pair during 100 ns simulation

Discussion
AhR is a widely known transcription factor known to contribute to proper functioning of immune, hepatic, cardiovascular, vascular and reproductive systems [8], and its
modulators have a potential role in the prevention/treatment of common human diseases/disorders [36]. Lack of
experimentally determined structures for AhR has hampered any in-depth molecular understanding in providing
the insight into the mechanisms of activation and transformation of the AhR. Thus, molecular modeling of the
AhR structure and interactions can shed light on these
ligand-dependent activation and transformation mechanisms [37]. Previously, several templates were proposed
for generating AhR models based on the available
Per-Arnt-Sim (PAS) structures at that time though they
were not optimal [38]. Therefore, in the present study, we
have used the recently resolved chain A crystal structure
of mouse AhR PAS-A domain [39] as a template to generate the mouse AhR LBD model structure. Previous reports
showed the binding pocket residues on AhR LBD for few
known ligands [34, 35]. In the present study, we used
three different computational methods to predict the
binding residues on AhR LBD for the ligands TCDD,
FICZ, I3C, DIM, RES, and PTL. These binding site

residues were similar to the residues predicted using functional and site directed mutagensis experiments that were
described previously [34, 35]. These AhR ligands were
subjected to molecular docking and MDS at these predicted binding sites to analyze their respective mechanistic
interactions with the AhRLBD.
MD trajectories are generally investigated as a specific
marker to show the trends of energy and molecular deformations. Among the MDS parameters, RMSD is an
important factor to analyse the equilibration of the trajectories thereby assessing the overall fluctuations. The
difference in the average backbone and Cα RMSD values
for AhRLBD-DIM and AhRLBD-I3C with the AhRLBD
was high compared to other ligands indicating that these
two ligands impose more fluctuations upon binding to
AhR LBD and they are substantially distorted than the
other ligands (Additional file 6). One of the important
parameters to describe the equilibrium conformation of
the total system is Rg [40]. According to the SCOPe
classification [41], PAS domain belongs to the class d
proteins (alpha and beta; α + β). Because we built our
homology model using the AhR PAS-A domain;
AhRLBD also has a fold similar to class d proteins. Results from the average backbone and Cα Rg values for
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Fig. 9 Per-residue decomposition analysis of AhR LBD in complex with each ligand. a Represents AhRLBD-TCDD complex b Represents AhRLBDFICZ complex c Represents AhRLBD-I3C complex d Represents AhR LBD-DIM complex e Represents AhRLBD-RES complex f Represents AhRLBDPTL complex. AhR LBD residues forming hydrogen boding interactions are shown in red color, residues with a positive contribution energy are
shown in green color, other residues are shown in light orange color

AhRLBD showed 1.69 ± 0.0 nm (16.9 Å) which is in accordance with the previous results where SCOP class d
proteins with a 151–200 residue size show a Rg value of
16.9 ± 0.1 Å [40]. The average backbone Rg values for
I3C and DIM bound AhRLBD complexes (Additional
file 6) was higher than other bound ligands indicating a
global conformational change in AhRLBD during the
simulation upon binding to these two ligands. These results are in agreement with the previous reports that
agonist ligands induce a conformational change in the
mouse AhR [42].
To understand the secondary structural profile changes
in more detail, during the simulation, we have carried out
the analysis for both the AhRLBD and AhRLBD-ligand
complexes using DSSP. A major structural change occurred in the α-helical regions with residues found distorted during 60–85 ns for AhRLBD-TCDD complex
(Additional file 5 D), α-helical residues and turn residues
for AhRLBD-FICZ complex (Additional file 5 E), α-helices
and β-sheets for AhRLBD-I3C complex (Additional file 5
F), coils for AhRLBD-DIM complex (Additional file 5 G),
α-helices and β-sheets for AhRLBD-RES complex (Additional file 5 H) and α-helices, β-sheets and coils for
AhRLBD-PTL complex (Additional file 5 I) in comparison
to AhRLBD (Additional file 5 C and Additional file 8).
In general, the H-bond interactions during the docking
simulations provide a static map of the interactions. To
analyse whether these contacts were maintained in the
AhRLBD and AhRLBD-ligand complexes, we mapped

the H-bond interactions during the simulation time (Fig.
6c-h). For AhRLBD-TCDD and AhRLBD-DIM complexes, the H-bonds formed by Phe318, Ala322 (Fig. 6c)
and Gln358 (Fig. 6f ) were stable throughout the MDS.
For AhRLBD-FICZ complex, the H-bonds formed by
Phe318, Alal321, and Ala322 were stable throughout the
simulation with slight fluctuations at 10.5 and 67 ns of
the MDS (Fig. 6d). In AhRLBD-I3Ccomplex, H-bonds
formed by the residues Pro254, Leu302 and Glu387
showed slight fluctuations at 3, 44, 50 and 97 ns during
the MDS (Fig. 6e). Because PTL is an analog of RES,
both of these ligands showed almost a similar pattern of
H-bond occupancy with a slight fluctuation during the
simulation time (Fig. 6g and h). Overall, these results
showed that the H-bond interactions formed by the ligands TCDD and DIM with the AhRLBD residues were
comparatively stable than the other ligands. To quantify
the flexibility at individual residue positions during our
MDS, we have calculated the root mean square fluctuation (RMSF) of the backbone atoms of each residue for
AhRLBD and AhRLBD-ligand complexes (Fig. 7a-f ). A
higher fluctuation was observed in the extended beta
sheet 2nd (257–261) and 3rd (282–283), coil 1st and
turn 3rd (262–275), helix 2nd (276–279), turn 4th (280–
281) for AhRLBD-TCDD complex (Fig. 7a). Upon evaluation of RMSF, the difference in the RMSF of binding
site residue Ala322 was found to be the largest between
the TCDD bound and unbound states of AhRLBD indicating that the binding of TCDD affected the dynamics
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of this residue. In AhRLBD-FICZ complex, higher fluctuations were observed in the helix 1st (230–240), 2nd
(276–279), 3rd (285–287) and 4th (290–295), turn 1st
(241–244), 2nd (254–256), 3rd (262–275) and 4th (280–
281), extended beta sheet 1st (247–253), 2nd (257–261)
and 3rd (282–283), coil 2nd (289), beta bridge 1st (288)
(Fig. 7b). Evaluation of RMSF difference for binding site
residue for FICZ bound and unbound states of AhRLBD
showed higher fluctuations in the residues Ala321 and
Ala322 indicating that these two residues showed change
in stability upon FICZ binding to the AhRLBD. In
AhRLBD-I3C and AhRLBD-DIM complexes, higher
fluctuations were observed in the helix 1 (230–240) and
turn 1 (241–242) residues of AhRLBD (Fig. 7c and d).
Evaluation of RMSF difference for binding site residues
for I3C and DIM bound and unbound states of AhRLBD
showed higher fluctuations in the residue Leu302 for
AhRLBD-I3C complex whereas no significant higher
fluctuations were observed for the binding residues in
AhRLBD-DIM complex. These results showed that the
residue Leu302 is functionally important for binding
AhRLBD to I3C.
In AhRLBD-RES complex, higher fluctuations were
observed in the helix 1st (230–240), 2nd (276–279) and
3rd (284–287) and 4th (290–300), turn 1st (241–243),
2nd (254–256) and 3rd (262–268, 273–275), 5th (301–
304), 6th (322–325) and 11th (379–384), extended beta
sheet 1st (253), 2nd (257–261) and 4th (328), 6th (361–
366) and 11th(385–395), beta bridge 1st (288), 2nd (326)
and 5th (361), coils 2nd (289), 6th (327) and 11th (396–
397) (Fig. 7e). RMSF difference for binding site residue
for RES bound and unbound states of AhRLBD showed
higher fluctuations in the residues Leu302, Phe318, and
Asp323 indicating that binding of RES affected the dynamics of these residues. In AhRLBD-PTL complex,
higher fluctuations were observed in the extended beta
sheet 4th (328–39), 6th (362–366) and 11th (385–395),
beta bridge 2nd (326), 4th (360) and 5th (361), coils 5th
(319–325), 6th (327), 10th (374–381) and 11th (396–
397) (Fig. 7f ). RMSF difference for binding site residue
for PTL bound and unbound states of AhRLBD showed
higher fluctuations in the residues Gln317 and Asp323
indicating that PTL induce flexibility among these residues upon binding to AhRLBD. The average RMSF of
the residues in the AhR ligand bound and unbound
complexes were as follows: AhRLBD-RES (0.30 nm) >
AhRLBD-FICZ (0.28 nm) > AhRLBD-I3C (0.26 nm) >
AhR (0.25 nm) > AhRLBD-TCDD (0.23 nm) ~ AhRLBDPTL (0.23 nm) > AhRLBD-DIM (0.21 nm).
The distance matrix is a widely used structural analysis
approach to capture collective domain motions in
addition to clearly visualizing the conformational change
between two states of a protein [43]. Here we used the
same approach to visualize the collective domain
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motions along with conformational changes for ligand
bound and unbound states of AhRLBD. Results showed
that the conformation strain of the residues differs
prominently between ligand bound and unbound states
of AhRLBD. The comparison between maps with or
without ligands allowed us to estimate the growing gap
between each block following the interaction of
AhRLBD with each of the ligands (Fig. 8a-g). We then
investigated the binding residues of the AhRLBD showing the interaction with each ligand in the context of
these contact maps (Additional file 9 A-F). The conformation of these residues showed a prominent difference for each of these ligands bound complexes.
Hydrophobic residues Leu302, Tyr316, Phe318, Ala322
interacting with TCDD in AhRLBD-TCDD complex
showed a low value indicating a minimum escalation in
the flexibility of the conformation in the AhRLBD upon
binding to TCDD (Additional file 9 A). The same pattern was observed for the hydrophobic residues Phe318,
Ala321, Ala322 in AhRLBD-FICZ complex (Additional
file 9 B) and polar residue Gln358 in AhRLBD-DIM
complex (Additional file 9 D). These results indicated
that the ligands TCDD, FICZ and DIM interactions
minimize the distance between these AhRLBD binding
residues thereby minimizing the overall flexibility by
changing its closed conformation to open form. A different pattern was observed for the complexes formed by
I3C, RES, and PTL where the hydrophobic residues
Leu302, Phe318 showed minimum distances whereas
other residues showed higher values of distances between the residue pairs (Additional file 9 C, E and F).
To identify important binding site residues and
characterize how interactions may change as a result of
each ligand, structural and energetic molecular “footprints” were computed for each MD trajectory through
MMPBSA binding free energy calculations. Each of these
footprints represent the per-residue decomposition of
interactions, averaged over the production simulations,
between each AhR LBD residue and the ligand. Because
the g_mmpbsa tool has certain limitations in providing
the binding free energies, we only considered ΔEvdW
(Van der Waal) and ΔGSASA (Non-Polar solvation energy
calculated based on SASA) energies for our analysis. Results showed that these calculations (Additional file 7)
were in agreement with the molecular docking and MDS
results. Further, to determine the energy contributions
of the key AhR LBD residues interacting with each ligand, a per-residue decomposition analysis was performed. In AhRLBD-TCDD complex, residues Leu300,
Thr311, Thr376, Gln377, Glu387, Arg386 disfavoured
binding whereas hydrogen bonding residues Leu302,
Tyr316, Phe318 and Ala322 shown by PLIP (Fig. 9a)
favoured binding which is in agreement with the results
from RMSF analysis with Ala322 showing large
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fluctuations, thereby confirming that Ala322 is a key
residue in AhRBD binding to TCDD. In AhRLBD-FICZ
complex, residues Asp323, Arg362, Gly368 and Arg378
disfavoured binding whereas hydrogen bonding residues
Phe318, Ala321 and Ala322 shown by PLIP (Fig. 9b)
favoured binding which is in agreement with the results
from RMSF analysis with Ala321 and Ala322 showing
higher fluctuations thereby confirming that these two
residues Ala321 and Ala322 are key in AhR LBD binding
to FICZ. In AhRLBD-I3C complex, residues Asp249,
Lys284, Glu308, Arg386 disfavoured binding whereas
among the hydrogen bonding residues shown by PLIP,
Glu387 disfavoured binding whereas Pro254 and Leu302
(Fig. 9c) favoured binding which agrees with the results
from RMSF analysis with Leu302 showing higher fluctuations thereby confirming that the residue Leu302 is key
in AhR LBD binding to I3C. In AhRLBD-DIM complex,
residues Gly247, Asp249, Ala349, Arg392 disfavoured
binding whereas hydrogen bonding residue Gln358
shown by PLIP favoured binding (Fig. 9d). In AhRLBDRES complex, residues Glu387 disfavoured binding
whereas hydrogen bonding residues Leu302, Gln317,
Phe318 and Asp323 shown by PLIP (Fig. 9e) favoured
binding which is in agreement with the results from
RMSF analysis with Leu302, Phe318 and Asp323 showing higher fluctuations thereby confirming that these
three residues Leu302, Phe318 and Asp323 are key in
AhR LBD binding to RES. In AhRLBD-PTL complex,
residues Arg386 disfavoured binding whereas hydrogen
bonding residues Leu302, Gly313, Gln317, Phe318 and
Asp323 (Fig. 9e) shown by PLIP favoured binding, which
agrees with the results from RMSF analysis with Leu302,
Phe318 and Asp323 showing higher fluctuations thereby
confirming that these three residues Leu302, Phe318 and
Asp323 were key in AhR LBD binding to RES.

Conclusions
We have performed molecular modeling, molecular
docking, competitive binding assay followed by molecular dynamic simulations to evaluate the interactions of
selected AhR ligands towards AhRLBD. Our study provided insights about the interaction details of each AhR
ligand with the AhRLBD. Some of these ligands showed
some flexibility inside the binding site allowing them to
adopt a favourable conformation as observed through
MMPBSA results. AhR being a novel receptor for various pathways and diseases, results from the calculations
performed in our study will provide a valuable benchmark for the researchers working in this area.
Methods
Molecule preparation

The structure of the AhR ligands, TCDD (Compound ID:
15625), FICZ (Compound ID: 1863), I3C (Compound ID:
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3712), DIM (Compound ID: 9856273), RES (Compound
ID: 445154) and RES analog PTL (Compound ID: 667639)
were downloaded from the PubChem compound database
[44]. Chemical structures of each ligand are provided in
the Fig. 1.
Sequence retrieval, homology modelling and validation

The homology model for the mouse AhR ligand binding
domain (AhRLBD) was constructed (Fig. 2a) using Modeller version 9.14 [45]. The amino acid sequence of the
ligand binding domain of mouse AhR (entry ID: P30561)
[46, 47] was retrieved from the UniProt database [48].
The template search for AhR LBD was performed using
NCBI BLAST search against Protein Data Bank (PDB)
[49]. The structure model was built using the recently
solved chain A crystal structure of mouse AhR PAS-A
domain (PDB ID: 4M4X) [32] with a sequence identity
percentage greater than 30% instead of previously proposed templates [37, 39, 50]. The modelled structure
was refined using Modrefiner [51], an algorithm which
generates the refined full-atom models from Cα traces
with improved global and local qualities. Its refinement
procedure involves the construction of a main-chain
model from the Cα trace with acceptable backbone topology and main-chain hydrogen (H)-bonding network
followed by the addition of side-chain atoms onto the
backbone conformation and optimization using a composite physics and knowledge-based force field. The refined model was subjected to energy minimization using
the Gromacs 5.0.4 package [52]. Finally, the generated
model (Fig. 2a) was validated for quality using the
ProSA, a web based server that is widely used to check
3D models of protein structures for potential errors [53]
and Ramachandran plot available at the Rampage server
[54]. Details of the sequence to template structure alignment generated using Align2D module of modeller version 9.14. and the secondary structure analysis for the
modelled mouse AhR LBD structure was provided (Additional file 2 A, B).
Binding site prediction

In general, recognition of the binding site residues is
vital for elucidating the function of a protein. Experimentally predicting these binding site residues is often
expensive and time consuming. Therefore, computational prediction methods are very handy in these situations. These computational methods are primarily
classified into sequence-based methods, structure-based
methods and hybrid methods [55]. Each of these
methods has its own disadvantages. To improve the accuracy of binding site prediction, we used three approaches for our study: i) Structure-based alignment
method: Initially, we identified the homologous structures with bound ligands using the 3D BLAST search

Chitrala et al. BMC Structural Biology

(2018) 18:15

against the nr-PDB ID [56]. Predicted homology structures were superimposed using the Mulitprot [57] and
Mustang [58] servers. The ligands in the homology
structures were superimposed onto the protein structure
to predict the ligand binding site. ii) Blind docking approach: Previously, several studies showed that blind
docking is an effective and novel approach in a situation
where the binding site for a ligand is unknown [59, 60].
In the present study, we used the same approach to
identify the potential binding sites for each ligand on the
AhRLBD using Autodock 4.2.6 [61]. iii) We used 3DLigandSite, a web server which predicts ligand-binding
sites with Matthew’s correlation coefficient of 0.64 [62].
Molecular docking

Molecular docking has been used as a successful tool to
explain the mechanism in several reports showed previously [63–65]. Therefore, to analyse the mechanism of
interaction of these ligands with AhR LBD, we have performed molecular docking at the predicted binding sites
using the program Autodock 4.2.6. The input files for the
molecular docking was generated using pyrx program
[66]. For molecular docking the AhR ligands with
AhRLBD, we used empirical free energy function and
Lamarckian genetic algorithm (LGA) with the following
settings: a maximum number of 2,500,000 energy evaluations, an initial population of 150 randomly placed individuals, a maximum number of 27,000 generations, a
mutation rate of 0.02, a crossover rate of 0.8, and an elitism value (number of top individuals to survive to next
generation) of 1. We applied the Solis and Wets algorithm
with a maximum of 300 iterations per search for local
search. For all the unmentioned parameters, we considered the default values. The generated best poses of the
docking run for AhRLBD and each AhRLBD-ligand complex, was have evaluated according to the binding energy
and estimated inhibition constant scoring function implemented in Autodock. The interactions between AhRLBD
residues and the respective ligands were visualized using
protein-ligand interaction profiler(PLIP) [67].
Competitive binding of AhR ligands with mouse AhR

Previously, several studies have been successful in elucidating the protein ligand interactions by performing molecular docking experiments followed by competitive
binding studies [68, 69]. To investigate the interactions
and binding efficiency of the mouse AhR with its ligands, we have performed the competitive binding assay
experiments in vitro based on the method developed by
Gasiewicz and Neal [70]. C57BL/6 mice were obtained
from Jackson Laboratories (Bar Harbor, ME) and housed
in an AAALAC accredited animal facility in the University of South Carolina. At age 12–14 weeks, mice were
euthanized by overdose of isoflurane inhalation, a
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method approved by the Panel on Euthanasia of the
American Veterinary Medical Association and recommended by local IACUC (institutional animal care and
use committee). Livers from mice were homogenized in
HEDG buffer (25 mM HEPES pH 7.4, 1.5 mM EDTA,
10% glycerol) and centrifuged at 10,000 g for 30 min.
The supernatant was centrifuged again at 105,000 g for
60 min. The cytosol was collected and diluted with
HEDG buffer to the protein concentration of 2 mg/ml. A
concentration of 3 nM 3H-TCDD (ARC, St. Louis, MO)
and various concentrations of a competitive AhR binding ligand was added to 0.2 ml of liver cytosol and the
mixture was incubated at 20 C for 2 h. HTP (hydroxyapatite, Bio-Rad) (0.2 ml) suspended in HEDG buffer
was added to the reaction mixture and incubated at 4 °C
for 30 min with rotation. HTP was pelleted by centrifugation and washed with HEDG buffer containing 0.5%
Tween 80 for 3 times. After the last wash, 1 ml of ethanol was added to the HTP pellet. The radiation counts
in ethanol were measured by liquid scintillation counting. The relative binding affinity was determined by calculating the percentage of cytosolic bound 3H-TCDD in
the presence of a competitor to that in the absence of a
competitor.
Molecular dynamic simulations (MDS)

MDS delivers dynamical structural information of biomacromolecules and a treasure of active information
about the protein and ligand interactions, which is very
significant in understanding the core of interactions
[71]. To analyse the dynamical structural information of
AhRLBD and AhRLBD-ligand complexes we have performed MDS using the Gromacs 5.0.4 package at a 100
nano seconds (ns) time scale [52]. The evaluated pose of
the docking run for AhRLBD and AhRLBD-ligand complexes according to the binding energy and estimated inhibition constant scoring function implemented in
Autodock were used as a starting point for all-atom
MDS in explicit water. To describe the system’s topology
for the protein and protein-ligand complexes, we chose
the OPLS-AA/L all-atom force field [72] which has been
used as a force field to study MDS in AhR previously
[73] and solvated with tip3p [74, 75] water molecules.
The neutral charge of the system was maintained by
adding the Na+ and Cl− counter ions. Simulations were
performed in the NPT and NVT ensemble, using the
Parrinello barostat [76] with a time constant τ = 2 ps and
the V-rescale thermostat [77] with a time constant τ =
0.1 ps and a time step dt = 2 fs. For the electrostatic and
van der Waals interactions, we employed the Partial
Mesh Ewald (PME) algorithm [78]. All bond lengths
were constrained using the LINCS algorithm [79]. Energy minimization of the system was performed using
the steepest descent algorithm with a maximum step
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size of 0.01 nm. The system was subjected to equilibration at a 300 K temperature and 1 bar pressure. Finally,
we performed seven simulations (AhRLBD, AhRLBDTCDD, AhRLBD-FICZ, AhRLBD-I3C, AhRLBD-DIM,
AhRLBD-RES, AhRLBD-PTL) with 100 ns each and the
atom coordinates were recorded every 2 ps during the
simulation for later analyses.
Analysis of MDS trajectories

Comparative analysis of structural deviations in the protein (AhRLBD) and protein-ligand complexes (AhRLBDTCDD, AhRLBD-FICZ, AhRLBD-I3C, AhRLBD-DIM,
AhRLBD-RES, AhRLBD-PTL) such as root-mean-square
deviation (RMSD), root-mean-square fluctuation (RMSF),
solvent-accessible surface area (SASA), secondary structure calculation etc., were computed using g_rms, g_rmsf,
g_sas and g_gyrate built-in functions of GROMACS package. Presence of hydrogen bonds during the simulations
was evaluated using the g_h bond tool in GROMACS with
default cut-off angle value of 30° and a cut-off radius of
0.35 nm.
Contact map calculations

To calculate the contact map for residues in AhR ligand
bound and unbound states, we used g_mdmat in Gromacs, which predicts the distance matrices consisting of
the smallest distances between residue pairs. Frames
during the 100 ns time scale MDS was used for the calculation of contact maps.
MM-PBSA approach-based interaction energy estimation

MM/PBSA and MM/GBSA calculations have been applied
to a large number of systems successfully reproducing, rationalizing the experimental findings and improving the
results of virtual screening and docking [80]. The
MM-PBSA calculations for each AhRLBD-ligand complex
was determined using the g_mmpbsa tool [81]. For each
simulated system, from the last 20 ns of the MD trajectory, we have considered 2000 snapshots of the complexes
with a 10 ps intervals spacing to ensure a low statistical
error thereby ensuring that the structures are uncorrelated
[82]. The binding free energy of each complex for every
snapshot is calculated using the following set of equations
as described previously [83–85]:

ΔGbind ¼ Gcomplex ‐ Gprotien þ Gligand
ð1Þ
ΔGbind ¼ ΔEMM þ ΔGsol ‐TΔS

ð2Þ

ΔEMM ¼ ΔEelec þ ΔEvdW

ð3Þ

ΔGsol ¼ ΔGpol þ ΔGnpol

ð4Þ

ΔGnpol ¼ γ SASA þ b

ð5Þ

where ΔGbind is the total binding free energy, Gcomplex,

Gprotein and Gligand are the energies for the AhRLBDligand complexes, protein (AhRLBD) and the ligands
(TCDD, FICZ, I3C, DIM, RES, PTL) respectively. The
binding energy can also be denoted as the eqs. 2 and 3
where ΔEelec is the electrostatic interaction energy and
ΔEvdW is the vander Waals interaction energy. The solvation energy (ΔGsol) is decomposed into polar (ΔGpol)
and nonpolar solvation energy (ΔGnpol) components.
ΔGnpol was calculated using the eq. 5 where γ is a coefficient related to surface tension of the solvent, SASA is
the solvent accessible surface area and b is the fitting
parameter. Polar solvation energies were calculated
using linear Poisson-Boltzmann equation whereas nonpolar solvation energies were calculated with the solvent
accessible surface area with an offset value (b) of
3.84928 kJ.mol− 1 and surface tension proportionality (γ)
set at 0.0226778 kJ.mol− 1.Å− 2. Contribution of individual protein residues to the three energetic components
was determined through per-residue decomposition.
Statistics and graphical analysis

To calculate the contact map for residues in AhR ligand
bound and unbound states, we used g_mdmat in Gromacs,
which predicts the distance matrices consisting of the smallest distances between residue pairs. Frames during the 100
ns time scale MDS was used for the calculation of contact
maps. All statistical analyses were performed using GraphPad Prism 6.0 for windows (GraphPad Software, San Diego,
CA). Graphs obtained from MDS were plotted using
GRACE software (http://plasma-gate.weizmann.ac.il/Grace/
). Molecular visualization of the proteins was performed
using UCSF Chimera [86].
Computing specifications

All MDS used in the study were performed using Research Cyber infrastructure, University of South Carolina
and Comet XSEDE cluster at Xsede High-Performance
computing resource portal. Calculations such as docking
studies, ensemble calculations, trajectory analysis and
other calculations were performed on local computer.

Additional files
Additional file 1: 3D BLAST search for structure homologs of mouse
AhR LBD. The following PDB structures were predicted using 3D BLAST
search. (DOCX 15 kb)
Additional file 2: Alignment, secondary structure and Lesk-Hubbard
plot analysis. A Alignment of mouse AhR LBD with the template (Chain
A of the 4M4X) using Align2D module of modeller version 9.14. * at the
bottom of the alignment represent the conserved residues between the
two sequences. B Represents the assignment of AhR LBD residues to secondary structure elements using the STRIDE server. C Lesk-Hubbard plot
showing the Root-Mean-Square Deviation (RMSD)-based molecular sieving and the number of residue correspondences performed using the
MUSTANG server. (TIF 259 kb)
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Additional file 3: Interactions of ligands with AhR LBD. A-F Represent
the AhR LBD interactions with ligands using Structure based binding
pocket approach G-K Represent the AhRLBD interactions with ligands
using Ligsite server L Represent the AhRLBD interactions with ligands
using blind docking approach. TCDD is shown in salmon red color sticks,
FICZ is shown in cyan color sticks, I3C is shown in light orange color
sticks, DIM is shown in green color sticks, RES is shown in purple color
sticks, PTL is shown in limon color sticks. AhR LBD residues is shown in
sky blue color sticks. Hydrogen bonding interactions were shown in
yellow color and hydrophobic interactions were shown in grey color
lines. (TIF 468 kb)
Additional file 4: Summary of interacting amino acid residues with the
various AhR ligands under study upon docking in each of the predicted
binding site. Residues forming H-bonds are shown in bolded italics.
(DOCX 14 kb)
Additional file 5: Conformational changes. A Represent the Cα RMSD
values of the AhRLBD and its ligands B Represents the Cα Rg of the
AhRLBD and its ligands. Time evolution of Secondary structure elements
during the 100 ns MDS for C AhR LBD D AhRLBD-TCDD complex E
AhRLBD-FICZ F AhRLBD-I3C G AhRLBD-DIM H AhRLBD-RES I AhRLBD-PTL.
The color scale at the bottom of each plot represents the secondary
structure elements classified based on DSSP classification of each secondary structure element. (TIF 1805 kb)
Additional file 6: Average Summary of interacting amino acid residues
with the various AhR ligands under study upon docking in each of the
predicted binding site. (DOCX 13 kb)
Additional file 7: Calculated binding energies using MD-MM/PBSA or
direct MM/PBSA for the six AhR-ligand complexes. (DOCX 13 kb)
Additional file 8: Percentage of secondary structure elements during
the 100 ns simulation. The percentages were calculated using the DSSP
program in Gromacs. (DOCX 14 kb)
Additional file 9: Mean smallest distance for the interacting residues. A
Represents the interacting residues in AhRLBD and AhRLBD-TCDD complex B Represents the interacting residues in AhRLBD and AhRLBD-FICZ
complex C Represents the interacting residues in AhRLBD and AhRLBDI3C complex D Represents the interacting residues in AhRLBD and
AhRLBD-DIM complex E Represents the interacting residues in AhRLBD
and AhRLBD-RES complex F Represents the interacting residues in
AhRLBD and AhRLBD-PTL complex. Residues in AhRLBD shown in grey
color; AhRLBD-TCDD complex residues shown in red color; AhRLBD-FICZ
complex residues shown in cyan color; AhRLBD-I3C complex residues
shown in orange color; AhRLBD-DIM complex residues shown in green
color; AhRLBD-RES complex residues shown in violet color; AhRLBD-PTL
complex residues shown in pale yellow color. (TIF 119 kb)

Abbreviations
AhR: Aryl hydrocarbon receptor; AhRLBD: AhR ligand binding domain;
DIM: 3,3′-diindolylmethane; FICZ: 6-formylindolo[3,2-b]carbazole; I3C: Indole3-carbinol; ITE: 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl
ester; LGA: Lamarckian genetic algorithm; MDS: Molecular dynamic
simulation; PLIP: Protein-Ligand Interaction Profiler; PTL: Piceatannol;
RES: Resveratrol; Rg: Radius of gyration; RMSD: Root-mean-square deviation;
RMSF: Root mean square fluctuation; SASA: Solvent-accessible surface area;
TCDD: 2,3,7,8-tetrachlorodibenzo-ρ-dioxin; Th: T helper Tregs: T regulatory
cells; ΔEelec: Electrostatic interaction energy; ΔEvdW: Vander Waals interaction
energy; ΔGnpol: Nonpolar solvation energy (ΔGnpol) components; ΔGpol: Polar
energy; ΔGsol: Solvation energy

Acknowledgements
Not applicable.

Funding
The present study was supported by NIH grants R01ES019313,
R01MH094755, R01AI123947, R01 AI129788, P01 AT003961, P20 GM103641
and R01 AT006888.

Page 15 of 17

Availability of data and materials
All data generated or analysed during this study are included in this
published article [and its supplementary information files].
Authors’ contributions
MN and PN conceptualized the project, designed the experiments and
provided the resources for the project. KNC performed the experiments,
analyzed the data and prepared the draft of the manuscript. XY performed
the competitive binding assay experiments. The final manuscript was
reviewed and approved by all authors.
Ethics approval and consent to participate
The mice were housed and maintained in the Animal Resource Facility of
University of South Carolina. IACUC committee of University of South
Carolina approved the use of mice for this study (IACUC No: 2372 and date
of approval: 07–31-17). Liver from four mice were used for the experiment
and the study was repeated three times.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 12 August 2018 Accepted: 7 November 2018

References
1. Kundu P, Pettersson S. Immunology: mammalian watchdog targets bacteria.
Nature. 2014;512(7515):377–8.
2. Denison MS, Soshilov AA, He G, DeGroot DE, Zhao B. Exactly the same but
different: promiscuity and diversity in the molecular mechanisms of action
of the aryl hydrocarbon (dioxin) receptor. Toxicol Sci. 2011;124(1):1–22.
3. Bersten DC, Sullivan AE, Peet DJ, Whitelaw ML. bHLH-PAS proteins in cancer.
Nat Rev Cancer. 2013;13(12):827–41.
4. Nguyen NT, Nakahama T, Le DH, Van Son L, Chu HH, Kishimoto T. Aryl
hydrocarbon receptor and kynurenine: recent advances in autoimmune
disease research. Front Immunol. 2014;5:551.
5. Mohammadi S, Memarian A, Sedighi S, Behnampour N, Yazdani Y.
Immunoregulatory effects of indole-3-carbinol on monocyte-derived
macrophages in systemic lupus erythematosus: a crucial role for aryl
hydrocarbon receptor. Autoimmunity. 2018:1-11. https://doi.org/10.1080/
08916934.2018.1494161.
6. Yin XF, Chen J, Mao W, Wang YH, Chen MH. A selective aryl hydrocarbon
receptor modulator 3,3′-Diindolylmethane inhibits gastric cancer cell
growth. Journal of experimental & clinical cancer research : CR. 2012;31:46.
7. Revel A, Raanani H, Younglai E, Xu J, Rogers I, Han R, Savouret JF, Casper RF.
Resveratrol, a natural aryl hydrocarbon receptor antagonist, protects lung
from DNA damage and apoptosis caused by benzo[a]pyrene. Journal of
applied toxicology : JAT. 2003;23(4):255–61.
8. Mulero-Navarro S, Fernandez-Salguero PM. New trends in aryl hydrocarbon
receptor biology. Front Cell Dev Biol. 2016;4:45.
9. Ohtake F, Baba A, Takada I, Okada M, Iwasaki K, Miki H, Takahashi S,
Kouzmenko A, Nohara K, Chiba T, et al. Dioxin receptor is a liganddependent E3 ubiquitin ligase. Nature. 2007;446(7135):562–6.
10. Veldhoen M, Hirota K, Westendorf AM, Buer J, Dumoutier L, Renauld JC,
Stockinger B. The aryl hydrocarbon receptor links TH17-cell-mediated
autoimmunity to environmental toxins. Nature. 2008;453(7191):106–9.
11. Quintana FJ, Basso AS, Iglesias AH, Korn T, Farez MF, Bettelli E, Caccamo M,
Oukka M, Weiner HL. Control of T(reg) and T(H)17 cell differentiation by the
aryl hydrocarbon receptor. Nature. 2008;453(7191):65–71.
12. Zaid A, Mackay LK, Rahimpour A, Braun A, Veldhoen M, Carbone FR, Manton
JH, Heath WR, Mueller SN. Persistence of skin-resident memory T cells
within an epidermal niche. Proc Natl Acad Sci U S A. 2014;111(14):5307–12.
13. Funatake CJ, Marshall NB, Steppan LB, Mourich DV, Kerkvliet NI. Cutting
edge: activation of the aryl hydrocarbon receptor by 2,3,7,8-

Chitrala et al. BMC Structural Biology

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.

(2018) 18:15

tetrachlorodibenzo-p-dioxin generates a population of CD4+ CD25+ cells
with characteristics of regulatory T cells. J Immunol. 2005;175(7):4184–8.
Gargaro M, Pirro M, Romani R, Zelante T, Fallarino F. Aryl hydrocarbon
receptor-dependent pathways in immune regulation. Am J Transplant. 2016;
16(8):2270–6.
Zhu C, Xie Q, Zhao B. The role of AhR in autoimmune regulation and its
potential as a therapeutic target against CD4 T cell mediated inflammatory
disorder. Int J Mol Sci. 2014;15(6):10116–35.
Schulz VJ, Smit JJ, Bol-Schoenmakers M, van Duursen MB, van den Berg M,
Pieters RH. Activation of the aryl hydrocarbon receptor reduces the number
of precursor and effector T cells, but preserves thymic CD4+CD25+Foxp3+
regulatory T cells. Toxicol Lett. 2012;215(2):100–9.
Singh NP, Singh UP, Rouse M, Zhang J, Chatterjee S, Nagarkatti PS,
Nagarkatti M. Dietary indoles suppress delayed-type hypersensitivity by
inducing a switch from Proinflammatory Th17 cells to anti-inflammatory
regulatory T cells through regulation of MicroRNA. J Immunol. 2016;
196(3):1108–22.
Seok SH, Lee W, Jiang L, Molugu K, Zheng A, Li Y, Park S, Bradfield CA,
Xing Y. Structural hierarchy controlling dimerization and target DNA
recognition in the AHR transcriptional complex. Proc Natl Acad Sci U S
A. 2017;114(21):5431–6.
Sakurai S, Shimizu T, Ohto U. The crystal structure of the AhRR-ARNT
heterodimer reveals the structural basis of the repression of AhR-mediated
transcription. J Biol Chem. 2017;292(43):17609–16.
Schulte KW, Green E, Wilz A, Platten M, Daumke O. Structural basis for
aryl hydrocarbon receptor-mediated gene activation. Structure. 2017;
25(7):1025–33 e1023.
Busbee PB, Rouse M, Nagarkatti M, Nagarkatti PS. Use of natural AhR ligands
as potential therapeutic modalities against inflammatory disorders. Nutr Rev.
2013;71(6):353–69.
Singh NP, Singh UP, Guan H, Nagarkatti P, Nagarkatti M. Prenatal
exposure to TCDD triggers significant modulation of microRNA
expression profile in the thymus that affects consequent gene
expression. PLoS One. 2012;7(9):e45054.
Singh NP, Singh UP, Singh B, Price RL, Nagarkatti M, Nagarkatti PS.
Activation of aryl hydrocarbon receptor (AhR) leads to reciprocal epigenetic
regulation of FoxP3 and IL-17 expression and amelioration of experimental
colitis. PLoS One. 2011;6(8):e23522.
Singh NP, Singh UP, Hegde VL, Guan H, Hofseth L, Nagarkatti M, Nagarkatti
PS. Resveratrol (trans-3,5,4′-trihydroxystilbene) suppresses EL4 tumor growth
by induction of apoptosis involving reciprocal regulation of SIRT1 and NFkappaB. Mol Nutr Food Res. 2011;55(8):1207–18.
Singh NP, Nagarkatti M, Nagarkatti P. Primary peripheral T cells become
susceptible to 2,3,7,8-tetrachlorodibenzo-p-dioxin-mediated apoptosis in
vitro upon activation and in the presence of dendritic cells. Mol Pharmacol.
2008;73(6):1722–35.
Singh NP, Hegde VL, Hofseth LJ, Nagarkatti M, Nagarkatti P. Resveratrol
(trans-3,5,4′-trihydroxystilbene) ameliorates experimental allergic
encephalomyelitis, primarily via induction of apoptosis in T cells involving
activation of aryl hydrocarbon receptor and estrogen receptor. Mol
Pharmacol. 2007;72(6):1508–21.
Singh NP, Nagarkatti M, Nagarkatti PS. Role of dioxin response element and
nuclear factor-kappaB motifs in 2,3,7,8-tetrachlorodibenzo-p-dioxinmediated regulation of Fas and Fas ligand expression. Mol Pharmacol. 2007;
71(1):145–57.
Camacho IA, Singh N, Hegde VL, Nagarkatti M, Nagarkatti PS. Treatment of
mice with 2,3,7,8-tetrachlorodibenzo-p-dioxin leads to aryl hydrocarbon
receptor-dependent nuclear translocation of NF-kappaB and expression of
Fas ligand in thymic stromal cells and consequent apoptosis in T cells. J
Immunol. 2005;175(1):90–103.
Fisher MT, Nagarkatti M, Nagarkatti PS. Combined screening of
thymocytes using apoptosis-specific cDNA array and promoter analysis
yields novel gene targets mediating TCDD-induced toxicity. Toxicol Sci.
2004;78(1):116–24.
Feixas F, Lindert S, Sinko W, McCammon JA. Exploring the role of receptor
flexibility in structure-based drug discovery. Biophys Chem. 2014;186:31–45.
Durrant JD, McCammon JA. Molecular dynamics simulations and drug
discovery. BMC Biol. 2011;9:71.
Wu D, Potluri N, Kim Y, Rastinejad F. Structure and dimerization
properties of the aryl hydrocarbon receptor PAS-A domain. Mol Cell
Biol. 2013;33(21):4346–56.

Page 16 of 17

33. Nguyen MN, Tan KP, Madhusudhan MS. CLICK--topology-independent
comparison of biomolecular 3D structures. Nucleic Acids Res. 2011;39(Web
Server issue):W24–8.
34. Pandini A, Soshilov AA, Song Y, Zhao J, Bonati L, Denison MS. Detection of
the TCDD binding-fingerprint within the ah receptor ligand binding domain
by structurally driven mutagenesis and functional analysis. Biochemistry.
2009;48(25):5972–83.
35. Soshilov AA, Denison MS. Ligand promiscuity of aryl hydrocarbon receptor
agonists and antagonists revealed by site-directed mutagenesis. Mol Cell
Biol. 2014;34(9):1707–19.
36. Xue Z, Li D, Yu W, Zhang Q, Hou X, He Y, Kou X. Mechanisms and
therapeutic prospects of polyphenols as modulators of the aryl
hydrocarbon receptor. Food Funct. 2017;8(4):1414–37.
37. Laura Bonati DC, Tagliabue SG, Motta S. Molecular modeling of the AhR
structure and interactions can shed light on ligand-dependent activation and
transformation mechanisms. Current Opinion in Toxicology. 2017;2:42–9.
38. Pandini A, Denison MS, Song Y, Soshilov AA, Bonati L. Structural and
functional characterization of the aryl hydrocarbon receptor ligand binding
domain by homology modeling and mutational analysis. Biochemistry.
2007;46(3):696–708.
39. Card PB, Erbel PJ, Gardner KH. Structural basis of ARNT PAS-B dimerization:
use of a common beta-sheet interface for hetero- and homodimerization. J
Mol Biol. 2005;353(3):664–77.
40. Lobanov M, Bogatyreva NS, Galzitskaia OV. Radius of gyration is indicator of
compactness of protein structure. Mol Biol (Mosk). 2008;42(4):701–6.
41. Fox NK, Brenner SE, Chandonia JM. SCOPe: structural classification of
proteins--extended, integrating SCOP and ASTRAL data and classification of
new structures. Nucleic Acids Res. 2014;42(Database issue):D304–9.
42. Henry EC, Gasiewicz TA. Agonist but not antagonist ligands induce
conformational change in the mouse aryl hydrocarbon receptor as
detected by partial proteolysis. Mol Pharmacol. 2003;63(2):392–400.
43. Yonezawa Y. A method for predicting protein conformational pathways by
using molecular dynamics simulations guided by difference distance
matrices. J Comput Chem. 2016;37(13):1139–46.
44. Kim S, Thiessen PA, Bolton EE, Chen J, Fu G, Gindulyte A, Han L, He J, He S,
Shoemaker BA, et al. PubChem substance and compound databases.
Nucleic Acids Res. 2016;44(D1):D1202–13.
45. Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D, Shen MY,
Pieper U, Sali A. Comparative protein structure modeling using MODELLER.
Current protocols in protein science. 2007;Chapter 2(Unit 2):9.
46. Fukunaga BN, Probst MR, Reisz-Porszasz S, Hankinson O. Identification of
functional domains of the aryl hydrocarbon receptor. J Biol Chem. 1995;
270(49):29270–8.
47. Bisson WH, Koch DC, O'Donnell EF, Khalil SM, Kerkvliet NI, Tanguay RL,
Abagyan R, Kolluri SK. Modeling of the aryl hydrocarbon receptor (AhR)
ligand binding domain and its utility in virtual ligand screening to predict
new AhR ligands. J Med Chem. 2009;52(18):5635–41.
48. UniProt C. UniProt: a hub for protein information. Nucleic Acids Res. 2015;
43(Database issue):D204–12.
49. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H,
Shindyalov IN, Bourne PE. The Protein Data Bank. Nucleic Acids Res. 2000;
28(1):235–42.
50. Erbel PJ, Card PB, Karakuzu O, Bruick RK, Gardner KH. Structural basis for PAS
domain heterodimerization in the basic helix--loop--helix-PAS transcription
factor hypoxia-inducible factor. Proc Natl Acad Sci U S A. 2003;100(26):15504–9.
51. Xu D, Zhang Y. Improving the physical realism and structural accuracy of
protein models by a two-step atomic-level energy minimization. Biophys J.
2011;101(10):2525–34.
52. Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen HJ.
GROMACS: fast, flexible, and free. Journal of computational chemistry. 2005;
26(16):1701–18.
53. Wiederstein M, Sippl MJ. ProSA-web: interactive web service for the
recognition of errors in three-dimensional structures of proteins. Nucleic
Acids Res. 2007;35(Web Server issue):W407–10.
54. Lovell SC, Davis IW, Arendall WB 3rd, de Bakker PI, Word JM, Prisant MG,
Richardson JS, Richardson DC. Structure validation by Calpha geometry:
phi,psi and Cbeta deviation. Proteins. 2003;50(3):437–50.
55. Hu X, Wang K, Dong Q. Protein ligand-specific binding residue predictions
by an ensemble classifier. BMC bioinformatics. 2016;17(1):470.
56. Yang JM, Tung CH. Protein structure database search and evolutionary
classification. Nucleic Acids Res. 2006;34(13):3646–59.

Chitrala et al. BMC Structural Biology

(2018) 18:15

57. Shatsky M, Nussinov R, Wolfson HJ. A method for simultaneous alignment
of multiple protein structures. Proteins. 2004;56(1):143–56.
58. Konagurthu AS, Whisstock JC, Stuckey PJ, Lesk AM. MUSTANG: a multiple
structural alignment algorithm. Proteins. 2006;64(3):559–74.
59. Campbell SJ, Gold ND, Jackson RM, Westhead DR. Ligand binding:
functional site location, similarity and docking. Current opinion in structural
biology. 2003;13(3):389–95.
60. Paul BK, Ghosh N, Mukherjee S. Binding interaction of a prospective
chemotherapeutic antibacterial drug with beta-lactoglobulin: results and challenges.
Langmuir : the ACS journal of surfaces and colloids. 2014;30(20):5921–9.
61. Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, Olson
AJ. AutoDock4 and AutoDockTools4: automated docking with selective
receptor flexibility. J Comput Chem. 2009;30(16):2785–91.
62. Wass MN, Kelley LA, Sternberg MJ. 3DLigandSite: predicting ligand-binding
sites using similar structures. Nucleic Acids Res. 2010;38(Web Server issue):
W469–73.
63. Xie J, Zhao L, Liu K, Guo F, Gao L, Liu W. Activity, toxicity, molecular
docking, and environmental effects of three imidazolinone herbicides
enantiomers. Sci Total Environ. 2018;622-623:594–602.
64. Sun C, Zhu L, Zhang C, Song C, Wang C, Zhang M, Xie Y, Schaefer HF.
Conformers, properties, and docking mechanism of the anticancer drug
docetaxel: DFT and molecular dynamics studies. J Comput Chem. 2018;
39(15):889-900.
65. Liu QZ, Wang SS, Li X, Zhao XY, Li K, Lv GC, Qiu L, Lin JG. 3D-QSAR,
molecular docking, and ONIOM studies on the structure-activity
relationships and action mechanism of nitrogen-containing
bisphosphonates. Chem Biol Drug Des. 2018;91(3):735–46.
66. Dallakyan S, Olson AJ. Small-molecule library screening by docking with
PyRx. Methods Mol Biol. 2015;1263:243–50.
67. Salentin S, Schreiber S, Haupt VJ, Adasme MF, Schroeder M. PLIP: fully
automated protein-ligand interaction profiler. Nucleic Acids Res. 2015;
43(W1):W443–7.
68. He S, Lai L. Molecular docking and competitive binding study discovered
different binding modes of microsomal prostaglandin E synthase-1
inhibitors. J Chem Inf Model. 2011;51(12):3254–61.
69. Liu Y, Fu J, Pan W, Xue Q, Liu X, Zhang A. Inhibition of thrombin by
functionalized C60 nanoparticles revealed via in vitro assays and in silico
studies. J Environ Sci. 2018;63:285–95.
70. Gasiewicz TA, Neal RA. The examination and quantitation of tissue cytosolic
receptors for 2,3,7,8-tetrachlorodibenzo-p-dioxin using hydroxylapatite. Anal
Biochem. 1982;124(1):1–11.
71. Liu X, Shi D, Zhou S, Liu H, Liu H, Yao X. Molecular dynamics simulations
and novel drug discovery. Expert Opin Drug Discovery. 2018;13(1):23–37.
72. Kaminski GA, Friesner RA, Tirado-Rives J, Jorgensen WL. Evaluation and
Reparametrization of the OPLS-AA Force Field for Proteins via Comparison
with Accurate Quantum Chemical Calculations on Peptides. J Phys Chem B.
2001;105:6474–87.
73. Hu Q, He G, Zhao J, Soshilov A, Denison MS, Zhang A, Yin H, Fraccalvieri D,
Bonati L, Xie Q, et al. Ginsenosides are novel naturally-occurring aryl
hydrocarbon receptor ligands. PLoS One. 2013;8(6):e66258.
74. Jorgensen WL, Chandrasekhar H, Madura JD, Impey RW, Klein ML.
Comparison of simple potential functions for simulating liquid water. J
Chem Phys. 1983;79:926.
75. Neria E, Fischer S, Karplus M. Simulation of activation free energies in
molecular systems. J Chem Phys. 1996;105:1902.
76. Parrinello M, Rahman A. Polymorphic transitions in single crystals: a new
molecular dynamics method. J Appl Phys. 1981;52:7182–90.
77. Bussi G, Donadio D, Parrinello M. Canonical sampling through velocity
rescaling. J Chem Phys. 2007;126(1):014101.
78. Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A
smooth particle mesh Ewald method. J Chem Phys. 1995;103:8577–93.
79. Hess B., Bekker H., J.G.E.M F: LINCS: a linear constraint solver for molecular
simulations. J Comput Chem 1997, 18:1463–1472.
80. Genheden S, Ryde U. The MM/PBSA and MM/GBSA methods to estimate
ligand-binding affinities. Expert Opin Drug Discovery. 2015;10(5):449–61.
81. Kumari R, Kumar R, Open Source Drug Discovery C, Lynn A. g_mmpbsa--a
GROMACS tool for high-throughput MM-PBSA calculations. J Chem Inf
Model. 2014;54(7):1951–62.
82. Kollman PA, Massova I, Reyes C, Kuhn B, Huo S, Chong L, Lee M, Lee T,
Duan Y, Wang W, et al. Calculating structures and free energies of complex

Page 17 of 17

83.

84.

85.

86.

molecules: combining molecular mechanics and continuum models. Acc
Chem Res. 2000;33(12):889–97.
Leonis G, Steinbrecher T, Papadopoulos MG. A contribution to the drug
resistance mechanism of darunavir, amprenavir, indinavir, and saquinavir
complexes with HIV-1 protease due to flap mutation I50V: a systematic MMPBSA and thermodynamic integration study. J Chem Inf Model. 2013;53(8):
2141–53.
Chen J, Wang X, Zhu T, Zhang Q, Zhang JZ. A comparative insight into
Amprenavir resistance of mutations V32I, G48V, I50V, I54V, and I84V in HIV-1
protease based on thermodynamic integration and MM-PBSA methods. J
Chem Inf Model. 2015;55(9):1903–13.
Musyoka TM, Kanzi AM, Lobb KA, Tastan Bishop O. Structure based docking
and molecular dynamic studies of Plasmodial cysteine proteases against a
south African natural compound and its analogs. Sci Rep. 2016;6:23690.
Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC,
Ferrin TE. UCSF chimera--a visualization system for exploratory research and
analysis. J Comput Chem. 2004;25(13):1605–12.

