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ABSTRACT

The aryl hydrocarbon receptor (Ah receptor or AhR) is a nuclear receptor, located in the cytoplasm. Because of its association with carcinogenicity,
the AhR has become a critical receptor for identifying the unknown endocrine disruptors. The experimental 3D structure of the receptor is not
available. This calls for the creation of the homology model of the Ligand-binding Domain (LBD) for the purpose of application of the structure-
based methods. High affinity heterodimer of HIF2 alpha and ARNT C-terminal PAS domain was used as a template for the development of Homology
model. The generated model was evaluated stereochemically and validated further by docking a set of known agonists and antagonists into the
modeled LBD of mouse AhR. An attempt has been made to explain the observed experimental binding affinities and the site-directed mutagenesis
data as reported in the literature with the results of docking. The results of docking of antagonists indicate that these form distinct H-bonds with the
receptor as against the agonists where hydrophobic interactions have predominated. The model can be used for the screening of ligands for AhR

binding activity.
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INTRODUCTION

The aryl hydrocarbon receptor (Ah receptor or AhR) is a ligand-
activated transcription factor belonging to the basic-helix-loop-helix
(bHLH) PAS family[1-5]. It is a nuclear receptor, located in the
cytoplasm and exists as one component of the complex[6]; the other
components being two molecules of heat shock protein (hsp90), an
X-associated protein and a co-chaperone protein[7]. When agonists
bind to the receptor, hsp90 dissociates from the complex; the
complex translocates to the nucleus and dimerises with AhR nuclear
translocator protein (ARNT)[8,9]. The AhR-ARNT heterodimer acts
as a transcriptional activator by binding to specific DNA
sequences[10], mediating the upregulation of the target genes. The
AhR is constitutively expressed in a large number of mammalian
tissues, with the highest amounts of mRNA found in liver, kidney,
lung, heart, thymus, and placenta. Genes regulated by the AhR
include those encoding cytochromes P450 CYPIAl, CYPIA2, and
CYPIB1, as well as Phase II enzymes, such as UDP-glucuronosyl
transferase UGTIA6, and other growth factors and proteins[11].

AhR is composed of multiple functional domains[8,9]. In the N-
terminal end, the AhR contains a basic-helix-loop-helix (bHLH)
region that is involved in DNA binding, dimerization with its nuclear
partner Arnt and association with heat shock protein 90 (hsp90).
The N-terminal of this region also contains nuclear localization
(NLS) and export (NES) domains. The bHLH domain is required for
heterodimerization, reorganisation and binding of these factors to
dioxin response element upstream of the target genes. C-terminal to
the bHLH domain is PAS domain, which composes of two imperfect
repeats of 50 amino acids, PAS-A and PAS-B. PAS-B domain is
reported to be involved in ligand binding[12-14]. Therefore a
detailed understanding of the functions of AhR requires structural
information about PAS-B domain. In absence of availability of an
experimentally determined structure of AhR PAS-B domain, a 3D
model needs to be developed by Homology Modeling techniques.

Several attempts of development of homology models are reported
in the literature. The initial models[15-17] were based on the
reported NMR structure of the C-Terminal PAS domain of Human
HIF-2a (PDB code 1P97). PYP has also been used as a template for
the homology modeling[18]. The structural similarity between AhR
and the template has been close to 25% in all these cases, probably
leading to loss of accuracy of docking and subsequent virtual
screening. Attempts have also been made to model nuclear
receptors[19] including the AhR using the crystal structure of hERa.
All these models have docked TCDD to prove the utility of the
models. These models have defined the ligand binding cavity in

terms of the agonists and stressed the importance of the planar
geometry of the agonists for the binding to the AhR. No amino acid
interactions have been discussed except for the possible
involvement of Phe in the m-m stacking interactions.

With the availability of the crystal structure of ARNT, the latest
model published[20] used a combination of structures of both HIF-
2o and ARNT. However this combination also could not improve the
identity beyond 30%. The ligand - amino acid interactions have been
discussed in a greater detail for the agonists in the ligand-binding
domain of the AhR. None of the models have discussed the
antagonist binding as studied by docking the antagonists in the
active site of the receptor. In view of these finding, we decided to
build a homology model of mouse AhR and dock agonists as well as
the antagonists into the model.

MATERIALS AND METHODS

Homology modeling is a method of constructing and predicting an
atomic resolution model of the target protein from its amino acid
sequence based on an experimentally determined 3D structure of a
related homologous protein called the template protein.

The four basic steps in homology modeling are: (1) identifying the
template structure sequence, (2) aligning the query sequence with
the template structure sequence, (3) building the model structure of
the query based on the information from the template structure and
(4) evaluating the predicted model. Homology modeling is therefore
a useful methodology in predicting undetermined protein structures
like the Ah receptor[21]. Homology modeling technique was used
for predicting the LBD structures of mouse aryl hydrocarbon
receptor. All computational and molecular modeling of mouse aryl
hydrocarbon receptor were carried out on Maestro (version 8.5, of
Schrodinger, LLC, 2008 software). The amino acids sequence for
mouse (P30561) AhR consisting of 848 amino acids residues, was
obtained from swissprot database. Template identification was
performed using PSI-BLAST to search the nonredundant PDB
database[22]. The X-ray crystalline structure of the high affinity
heterodimer of HIF2 alpha and ARNT C-terminal PAS domains with
the artificial ligand THS017 (PDB Id 3H7W)[23] showed detectable
degree of similarity with the query sequence and was therefore used
for the model generation. The coordinates were obtained from
Protein Data Bank. The first step consisted of aligning the template
and the target. The alignments were sorted by score, expectation
value, identities, positives, and gaps and evaluated statistically so as
to select the best alignment as shown in Fig. 1. The homology
models were generated using the Prime Module. The co-ordinates of
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the conserved residues were used as the basis for modeling the LBD
of AhR. The side chain coordinates for all non-identical residues
were predicted using PRIME. Loop refinement of LBD of mouse AhR
(8 loops) was carried out and multiple loop conformations were
constructed wusing Prime functionality. Scoring of these
conformations was done by side-chain predictions and all-atom
minimizations. After completion of model building calculations, the
model was further optimized and minimized. The insertions,
deletions, and template transitions were built. These are cases in
which the backbone itself needs to be reconstructed, either due to
gaps in the alignment or template transitions that produce gaps in
the 3D structure. These gaps were closed by reconstruction of the
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affected region ab initio, using a backbone dihedral library. Gap
reconstruction was done by finding a single loop conformation that
closes the structure and is physically reasonable. Side-chain were
predicted and then optimized. The non-template regions were
minimized. The generated models were refined further to remove
the steric clashes. Bond length, bond angle, side chain dihedrals and
chiralities were adjusted and the final model was energy minimized
with a truncated-Newton energy minimization using OPLS_2000 all-
atom force field (protein-optimized). Ramchandran plot of the final
model as shown in Fig. 2 indicated that 98% of the residues were in
the core and allowed region. The ribbon representation of the
modeled LBD of mouse AhR is shown in Fig. 3.
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Fig. 1: Alignment of mouse AhR and 3H7W (X-ray crystalline structure of the high affinity heterodimer of HIF2 alpha and ARNT C-terminal
PAS domains).
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Fig. 2: Ramachandran Plot for the modeled LBD of mouse AhR after refinement. The plot is organized as follows: Glycine, proline and all
other residues are plotted as triangles, squares, and circles respectively. The red, yellow and white regions represent the favoured,
allowed and the disallowed regions respectively.
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Fig. 3: Aribbon representation of modeled LBD of mouse AhR
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To validate the model, some known agonist and antagonist were
docked into the modeled ligand-binding domain of the mouse aryl
hydrocarbon receptor. Fig. 4 and Fig. 5 shows the agonists of AhR:
TCDD and E-80 which were docked into the modeled LBD of AhR,
and Fig. 6 and Fig. 7 show the antagonists of AhR: flavones and
ellipticines respectively; which were docked into the modeled LBD
of mouse AhR. The Docking studies were carried out by using GLIDE
(Maestro, version 8.5, Schrédinger, LLC, 2008) software. Protein

T, o e

7

HE

ILE_ 373 —

\I’"‘ = f ¥ 341
J;‘\

345 i
ﬁ = \7\LEU ada /
i -5—}7{»? ARG 55
25.
R 283
. %‘LN 37@294 ~—

Int ] Pharm Pharm Sci, Vol 5, Issue 2, 76-81

preparation utilities in Maestro were used to assign the charge state
of ionizable residues, add hydrogens, and carry out a highly
constrained minimization of the generated model. The ligand set
was prepared for docking using the LigPrep utility to define the
charge state and enumerate the stereoisomers for each ligand. The
ligands were geometry minimized using the OPLS_2005 force field
and the Truncated Newton Conjugate Gradient to a gradient RMSD
below 0.01 kJ/A[24].
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Fig. 5: Docked image of agonist E-80 into the homology model of mAhR. The dotted yellow lines represent the Hydrogen bond.

@\

\

TCLE ;32
i s

G 333

‘ ., 2.090

7@’

A
o MET 3

‘235

-
j E 3405 r=3
2 A T8 3415%&:

’:TAS
—

\/_;.._nﬂt 316

¥s 327
i 336 <~ PHE 239

343\1'—_

Foer, 954
S —

’

s
\LN 317

Hﬂﬂ
\.} PHE 318

_-Is-E‘U\ 347

J\/\LEU 309
291

1
rm*353\

R 283
LM 377

~

~——FHE 281

Fig. 6: Docked image of antagonist disubstituted flavones (A-8) into the homology model of mAhR. The dotted yellow lines represent the
Hydrogen bonds.
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PHE 318

Fig. 7: Docked image of antagonist Ellipticine (19) into the homology model of mAhR. The dotted yellow lines represent the Hydrogen

The receptor Grid was generated using information reported in the
literature[15] about the ligand binding cavity in the Homology
model; as well as the site-directed mutagenesis data. The ligand set
was then docked onto the mouse AhR LBD using the extra precision
scoring mode of Glide[25]. During the docking procedure, ligand was
flexible whereas the receptor was held rigid[26]. The best docked
pose was saved.

RESULTS AND DISCUSSION

The target sequence of the ligand bind domain of the mouse (268-
393) AhR was used as a query to search for homologues protein
structure belonging to the category of nuclear receptors that could
serve as templates. The x-ray crystalline structure of the high affinity
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heterodimer of HIF2 alpha and ARNT c-terminal pas domains
(resolution: 1.65A%) with the artificial ligand THS017 (PDB ID
3H7W) showed detectable degree of similarity with the query
sequence. The other proteins with a detectable similarity are as
shown in Table 1.

Table 1: Proteins with detectable similarity

Protein data bank entries Similarities
3H7W 30%
3H82 24%
2A24 19%
CH,
X
74
N N
H
CHj
A-8 Ellipticine(19)

Fig. 8: Structures of Docked compounds: a) TCDD, b) E-80, c) A-8, d) Ellipticine(19) from Table 2, 3 and 4.

Table 2: List of agonists docked into modeled LBD of mouse AhR with pIC50 and G_Score

Serial no. Compound designation pIC50 G_Score
1 A-1 9.144 -6.43
2 A-2 8.118 -6.48
3 A-8 6.728 -5.95
4 A-14 4.572 -5.55
5 A-16 10.093 -6.18
6 A-17 10.687 -6.27
7 A-18 9.074 -6.34
8 A-22 9.350 -6.97
9 A-24 8.927 -5.77
10 B-28 3.429 -5.22
11 B-29 6.088 -5.71
12 B-38 7.657 -6.07
13 B-40 8.444 -6.66
14 B-43 5.371 -5.46
15 B-45 8.147 -6.26
16 B-48 7.587 -6.03
17 C-65 6.134 -6.15
18 C-66 5.762 -6.63
19 C-67 6.157 -6.01
20 C-70 5.885 -6.03
21 C-77 7.465 -5.94
22 E-80 8.921 -7.53
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Table 3: A list of antagonists belonging to the class of flavones docked into modeled LBD of mouse AhR with pIC50 and G_Score

Serial No. Compound designation PICso G_Score
1 ANF -2.3541 -6.97
2 33 -2.9586 -6.1
3 35 -2.9731 -6.67
4 36 -4.0000 -6.56
5 38 -3.6718 -5.97
6 39 -1.0000 -4.56
7 40 -2.6618 -5.87
8 A-1 -2.334 -5.91
9 A-2 -1.996 -5.58
10 A-3 -2.559 -5.87
11 A-4 -0.146 -5.9
12 A-5 -0.176 -6
13 A-7 -3.287 -6.05
14 A-8 -2.868 -7.1
15 A-9 -0.358 -6.51
16 A-10 0.102 -4.92

Table 4: A list of antagonists belonging to the class of ellipticines docked into modeled LBD of mouse AhR with pIC50 and G_Score

Serial no. Compound designation pIC50 G_Score for mAhR
1 1 -2.4346 -6.38
2 2 -2.9335 -6.58
3 6 -3.0133 -6.84
4 7 -2.4548 -6.35
5 18 -2.1303 -6.9
6 19 -2.5533 -6.3
7 21 -3.0366 -6.72
8 22 -1.9685 -6.44
9 23 -1.6021 -7
10 27 -2.2014 -6.05
11 31 -1.3979 -6.08
12 32 -0.6902 -6.49

The template shows a high degree of structural conservation of
typical PAS « and  folds. Phi-psi map, Ramachandran plot chi plot
and Distance Matrix Plot of the model were generated as a part of
the stereochemical evaluation of the model.

The image of TCDD docked into the homology model of mouse AhR is
shown in Fig. 4. The result of docking of TCDD into mAhR showed that
the residues lining the ligand binding cavity include Phe289, Met342,
His285, Leu347, Tyr316, 1le319, Ala375 and Thr283. This is also in
accordance with the literature report [11] thus validating our model
further. TCDD when docked into the generated homology model did not
show H-bonding interactions. The interactions which TCDD exhibited
with the receptor were of hydrophobic involving Ile-319, Ala-375 and m-
T stacking interactions involving Phe-289 and Phe-345. Table 2, 3 and 4
show the sets of agonists[27], antagonists belonging to the class of
flavones[28] and antagonists belonging to the class of ellipticines[29]
respectively which were docked into the homology model of mouse AhR.
The structure of docked compounds shown in Fig. 8.

Mutagenesis studies[15] indicate the importance of Thr-283, the
mutation of which to either methionine or glutamic acid resulted in
complete loss of TCDD and the DNA binding. Since Thr can act as
Hydrogen bond Donor, a H-bonding interaction of TCDD with the
receptor can also be expected. Although docking of TCDD did not show
any H-bonding interaction with the receptor, docking of some other
agonists such as E-80[27] showed H-bonding interaction with the
receptor as shown in Fig. 5, This provided a further correlation between
the site directed mutagenesis results and the homology modeling.

Then we decided to dock some of the antagonists. To the best of our
knowledge, no report appears in the literature regarding the
docking of antagonists into the AhR. The antagonists of AhR can be
classified into two types, the compounds belonging to the flavonoid
class and the compounds belonging to the nonflavonoid class[29].
Among the nonflavonoid class of AhR antagonists, since a detailed
structure-Activity Relationship of ellipticines is reported, we focused
our attention on ellipticines. The results of docking indicated that

the antagonists, both flavonoids and nonflavonoids form H-bonds
with the amino acid residues on the AhR which include His-285, Ser-
340, Thr-343 and Thr-283. The flavonoids formed H-bonds with the
receptor mainly via groups present on the 3’ and 4’ position of the B-
ring. Highest activity was reported previously in the literature[29]
for the compound with 3’-methoxy,4’-nitro substituent. The docking
of the compounds into the homology model of AhR explains this on
the basis of H-bonding. Groups capable of H-bond formation when
present at 3’ or 4’-position or both 3’and 4’-positions were shown to
give a good dock score when docked into the generated homology
model. Fig. 6 shows the docked image of a 3’,4’-disubstituted flavone
into the homology model developed. However no special preference
was detected for either 3’ or 4’ position contrary to the literature
report[28]. The 4’-halo substituted flavones when docked into the
homology model did not generate a favourable dock score, contrary
to the literature reports[30] that these compounds showed good
binding affinities.

The ellipticines on the other hand, formed H-bond via the central
pyrrole ring as shown in Fig. 7. Compounds which contained N at 2
or 3 position of the ring did not show involvement of this N in the H-
bond formation. The SAR of ellipticines acting as AhR antagonists as
reported in the literature[29] also states that ellipticines tolerate
only a small substitution, if at all, at positions 1 and 11. An
observation of the ellipticine docked into ligand binding cavity of
AhR indicates that due to the presence of Phe-289 in the viscinity of
the A ring, a compound containing a larger substituent at position 1
will not be accommodated in the ligand binding cavity of the
generated model. The H-bonding possibility between 1-
aminoellipticines and Ser-340 also explains the SAR observation
reported earlier that amino group at position 1 enhances the affinity
of these compounds for the receptor.

CONCLUSION

AhR is a nuclear receptor which is activated by various carcinogens
acting as agonists at the receptor. In absence of the availability of an
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experimental 3D structure of the receptor, we have generated a
homology model of the ligand-binding domain of the receptor. The
usefulness of the homology models depends upon the ability of these
models to explain the differences in binding of various ligands.
Results of docking of the agonists have been compared with
previous reports. Since much literature is not available on the
docking of the antagonists into the homology model of AhR, we have
tried to correlate the docking results with the binding affinities of
various antagonists and tried to explain some of the SAR
observations relating to ellipticines and flavones in terms of binding
pattern of these ligands with the homology model of the Ah receptor.
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