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Abstract

Unintentionally released in the environment as by-products of industrial activities, dioxins, exemplified by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), represent a primary concern for human health. Exposure to
these chemicals is known to produce a broad spectrum of adverse effects, including cancer. The main
mechanism of action of TCDD in humans involves binding to the Aryl hydrocarbon Receptor (AhR).
Although qualitatively established, TCDD capture by the AhR remains poorly characterized at the
molecular level. Starting from a recently developed structural model of the human AhR PAS-B domain, in
this work we attempt the identification of viable TCDD access pathways to the human AhR ligand binding
domain by means of molecular dynamics. Based on the result of metadynamics simulations, we identify two
main regions that may potentially serve as access paths for TCDD. For each path, we characterize the
residues closely interacting with TCDD, thereby suggesting a possible mechanism for TCDD capture. Our
results are reviewed and discussed in the light of the available information about Human AhR structure and

functions.

Keywords: Dioxin; Molecular dynamics; Toxicity; Ligand binding domain; Protein-ligand interaction;

Computational modelling

Abbreviations: TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; AhR, Aryl hydrocarbon Receptor; LBD, ligand
binding domain; hAhR, human AhR; MD, molecular dynamics

1 Introduction

The term “dioxins” identifies a group of about two hundred poly-chlorinated aromatic chemicals, characterized by high
toxic potency and persistence in the environment [1-4]. Exposure to dioxins has been linked to a number of adverse
effects on the nervous, immune and endocrine [5-8] systems. Additionally, 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), recognized as the most toxic representative of this class of chemicals, was classified as a human carcinogen in
1997 [9].

The mode of action of TCDD has been the subject of a number of experimental studies [10-14]. TCDD toxicokinetics
begins with the absorption of TCDD into cell membranes, followed by its diffusion in the cell interior. It is known that
TCDD binds to the Aryl hydrocarbon Receptor (AhR) [15], a protein which modulates the transcriptional activation of
many genes, such as those involved in xenobiotic metabolism [16], regulates a number of physiological functions,

including the development of pathologies like cancer [17,18].

TCDD binding to the AhR PAS-B domain triggers the release of the partner proteins and AhR hetero-dimerization
with the AhR nuclear translocator protein, ARNT [19-21]. The resulting complex migrates to the nucleus, where it
binds to specific DNA sequences, known as xenobiotic-response elements, thereby encoding the transcription of
metabolising enzymes [22,23]. Beside this well-established canonical signaling pathway, others have also been
identified and reported [24,25].

Despite being qualitatively established, several aspects of the above route remain only partially understood at the
molecular level, due to the complexity of the systems investigated, and the limited availability of experimental data.

Significant efforts have gone in developing atomistically detailed models of the TCDD binding site, the ligand binding



domain (LBD). Early experimental investigations identified the LBD in a hydrophobic region encompassing the PAS-
B domain, a relatively small domain consisting of approximately 110 amino-acids [26-30]. In the absence of
experimentally determined AhR structures, structural models of the LBD have been developed for a number of species
[31-36] using computational approaches, such as homology modeling and functional analysis, taking advantage of the
structural similarities across the members of the bHLH-PAS family [37]. The analysis of such models with molecular
docking techniques provided important insights about the LBD structure and the residues mostly involved in TCDD
binding. Quite remarkably, these residues were found to be highly conserved across different species with high TCDD
responsiveness [32,38,39], thereby suggesting that ligand binding could be the main factor responsible for biological
activity.

This idea was further exploited in similar studies mostly aimed at finding the set of molecular factors — collectively
referred to as binding mode - that could discriminate between high and low affinity ligands [40-43]. Of particular
interest was the possibility of ranking the toxicity of compounds on the basis of the binding energies [44,45]. Former
attempts in this direction were only partially successful, also due to the use of fixed receptor conformations in docking
simulations [46,47]. Furthermore, although different ligands could effectively exploit different key interactions with the
LBD residues, the differences were often too small to justify the observed differences in the experimental binding
affinities [48]. Some studies [49,50] also evidenced a poor correlation between the experimental binding affinities and

those estimated by commercially available docking programs.

Some significant improvements were obtained with the introduction of more refined computational protocols [51], such
as docking ensemble [33] and molecular dynamics (MD) [48,52,53]. The latter has been found especially useful in this
context, thanks to the possibility to fully account for the receptor's conformational flexibility. Standard MD provides an
efficient way of sampling the structure around minimum-energy configuration of ligand-receptor complexes. However,
such methods cannot access the time scale of rare events, such as binding/unbinding processes. To overcome this
limitation, enhanced sampling techniques, such as metadynamics [54-58], have been developed where the system's
potential energy is biased during the simulation, thereby encouraging the system to explore the configurational space

beyond minimum-energy conformations.

Early applications of metadynamics focused on docking in solution [59], the calculation of binding energies [60]. Later
on, the method was further developed to deal with many aspects of ligand-protein association [61], including ligand
binding kinetics [62-64]. The latter is of special interest in this context. Indeed, given the ligand-protein bound
configuration, one may simulate the unbinding process to obtain a set of exit pathways which may be followed
reversibly, and-therefore eventually exploited as access pathways in ligand binding [59,60,65-68]. This approach is
computationally more efficient than the search of access pathways from unbound configurations, as it bypasses the

need to sample the potentially many access points to the receptor interior.

In this work, we combine standard MD and metadynamics in the attempt to identify viable TCDD binding/unbinding
pathways to the human AhR (hAhR). Our aim is also to provide some background knowledge on this aspect, which
has received little attention in the literature. Due to the absence of experimentally determined structures of the hAhR,
the present investigation focuses on a sequence consisting of 146 residues, representative for the PAS-B domain, for
which a structural model was developed via homology modeling [35]. Starting from this model and using the
computational route outlined above, we identify two binding pathways for TCDD. The analysis of the free energy
surfaces suggests that access from these paths may be thermodynamically feasible. For each pathway, we hypothesize a
mechanism by identifying the residues most likely to be involved in TCDD capture. Finally, we discuss path
accessibility in the light of the existing literature.

2 Methods

System setup. As a structural model for the present investigation, we considered a sequence of 146 residues (between
Pro275 and Phe420) of the hAhR, for which a three dimensional atomistic structural model was developed by Salzano
et al. [35]. Hereafter, we chose to name this sequence PAS-B g,y , since it substantially overlaps with that defining the
PAS-B domain (Pro275-Leu386). The structure was pre-processed by adding explicit hydrogen atoms. The
TCDD/PAS-Bg,; complex was then prepared by docking the TCDD molecule into the putative binding cavity
suggested in the same study. The complex was placed in an orthorhombic simulation box, with size of 9x9x9 nm, and
solvated with 17998 water molecules. The OPLS-AA force field [69-73] was used to model intra and inter molecular
interactions. The positive charges on the protein were neutralized by adding 6 CI™ ions to the solution. Additional 24
Na*/CI~ ion pairs were also added to simulate NaCl physiological concentration (0.15 M). For water, the TIP3P force
field was adopted [74]. All simulations were carried out with the GROMACS (v. 5.0.4) program suite [75].
Electrostatic interactions were accounted via the Particle-Mesh-Ewald method [76] with a Fourier grid spacing of
0.12 nm.

MD simulations: equilibration of the TCDD/PAS-Bg,; complex. The TCDD/PAS-Bg,; complex was
equilibrated via a short (2 ns) simulation at constant temperature and pressure (NPT ensemble). The system temperature

was kept constant at 310 K using the velocity rescaling algorithm developed by Bussi et al. [77], with a time constant



of 1 ps. The pressure (1.0 atm) was controlled via anisotropic coupling to Berendsen barostat [78], with time constant
of 4 ps and isothermal compressibility of 4.6-1073 atm™!.

After the equilibration, a 100-ns production run was performed at constant temperature and pressure replacing the
Berendsen barostat with the Parrinello-Rahman barostat [79]. In contrast to the former, the latter was found to give
statistically more accurate results [80]. The post-processing of the 100-ns NPT trajectory, consisting of ten thousand
frames, was carried out using different programs developed in our group. In many cases, to simplify the analysis, all
frames were first aligned to the first one in the trajectory using the Kearsley algorithm [81]. The alignment was always

performed on all C and N main chain atoms.

Well-tempered metadynamics simulations: TCDD/PAS-Bg,; unbinding. The TCDD/PAS-Bg,; unbinding
dynamics was simulated using well-tempered metadynamics [57] approach (WT, hereafter), as implemented within the
PLUMED 2.1 package [82]. In order to simplify the analysis of the results, the collective variables were defined
relatively to an internal coordinate system, made up by three orthogonal axes (X, y, and z) centered at the position
defined by the center-of-mass of the 13 residues indicated by Salzano et al. [35]. For better clarity, this selection,
grouping the residues closely interacting with the bound TCDD molecules, will be hereafter indicated as LBDg,; . An
internal coordinate system was then developed starting from the coordinates of three points, namely the LBDg,q
center-of-mass, the position of the backbone carbon atom in residue Phe351, and the position of the backbone carbon

atom in residue Val381. A detailed explanation is given in the SI.

Running metadynamics simulations requires the choice of a set of collective variables (CVs) representative of the
described system [60] and able to distinguish between different system's conformations, which in the present case were
the bound and the unbound configurations. We considered three CVs, namely: 1) the distance between the TCDD and
the LBDg,; center-of-masses (d;gp); 2) the angle between the TCDD long molecular axis (defined by the vector
connecting the midpoints of the chlorine atom pairs at the opposite sides of the molecule) and the reference z axis
(©4c); 3) the angle between the TCDD short molecular axis (defined by the vector connecting the two oxygen atoms)
and the reference z axis (6n,). Some preliminary runs were performed to optimize the metadynamics parameters, with
the aim at finding a reasonable compromise between sampling accuracy and computational efficiency. In all production
runs, the height of the Gaussian hills was set at 3.0 kJ/mol. The hills width was set to 0.2 nm for the first CV and 4° for
the remaining two CVs. The hills deposition rate was set at 1/200 fs~!, the biasfactor at 12.0.

Path collective variable metadynamics simulations: calculation of free energy surfaces (FES) and identification
of the key residues along the paths. The FES associated with the two paths found in the unbinding simulations (see
previous paragraph), namely P1 and P2, were calculated performing path metadynamics simulations along the
unbinding trajectories. The simulations were performed using the path collective variable approach [58], as
implemented in the PLUMED 2.3 package [80].

The trajectories for these simulations were developed from those obtained from unbinding dynamics simulations (see
the previous paragraph) as follows. For each path, one trajectory was prepared, comprising a variable number of
“main” frames, which were linearly interpolated to obtain a larger number of smoothly connected frames. Starting from
the unbound configuration (e.g. with the TCDD in bulk water), a set of consecutive main frames was selected on the
basis of two descriptors, namely d;gp and the root mean square distance between PAS-Bg,; carbon and nitrogen
atoms. For two consecutive frames, the latter quantity was calculated after structure alignment, using the Kearsley
algorithm [81] on all PAS-Bg,; carbon and nitrogen atoms. The number of interpolating frames was selected so as to
obtain evenly spaced configurations in terms of the above descriptors. For P1, a trajectory consisting of 93 frames was
obtained interpolating 12 main frames. For P2, 9 main frames were used to generate a trajectory consisting of 95 frames

overall.

The FES were calculated as a function of two variables, namely the progress along the path, S, and the square distance
from the path, Z. S is a dimensionless parameter, with values ranging from 1 to N, being N the number of frames in the

path trajectory. The unit measure of Z is nm?.

Each metadynamics run, performed at constant temperature (310 K) and pressure (1 atm), had an overall duration of
1.6 us for each path. The following simulation parameters were optimized after some preliminary runs. The value of A
(i.e. the “temperature” factor [82]) was set at 50.0 nm-2. Geometry—adaptive Gaussian hills were adopted during the
simulations, with a starting height of 3.0 kJ/mol. The hills width was set at 0.5 for S and 0.01 nm? for Z. Hill
deposition was performed at every 200 MD steps. The biasfactor was set at 12.0. To prevent the TCDD from being
trapped in AhR regions far from the path, an additional quadratic upper wall was set at Z = 0.1 nm?, with force
constant equal to 1000 kJ/mol/nm?. The FES reconstruction was performed with a resolution of 300 bins along both S
and Z axes, and setting the width for S and Z at 0.5 and 0.01 nm?, respectively. The FES were reweighted using the
method proposed by Branduardi and coworkers [83], developed for WT simulations with adaptive Gaussians. The FES
convergence was assessed by checking the hills height and the comparing the FES obtained at different simulation
times (see SI for details).



The above parameters were also used to perform two sets (12 for each path) of short path collective metadynamics
simulations aimed at identifying the residues closely interacting with TCDD along the paths. The path trajectories were
the same described above and used in the FES calculation. Also those simulation were performed starting with the
TCDD in the water phase (e.g. in the unbound configuration). Each simulation was allowed to run the time required for
the TCDD to reach the LBD center (about 5 ns). The MD trajectories were then post-processed to extract the

information about the interaction between TCDD and the closely interacting residues (see below).

3 Results and discussion

The hAhR PAS-B domain, PAS-Bg,; , considered in this work consisted of 146 residues, spanning the region between
amino acids Pro275 and Phe420 [35]. During a preliminary stage of our work, the TCDD was placed in the binding
site and the resulting complex was solvated and shortly relaxed as described above. A 100-ns MD production run was
then performed in order to fully relax the TCDD/PAS-Bg,;, complex and provide the necessary starting points for the
search of potential access path candidates. Meanwhile, this simulation gave us the possibility to test the force field
reliability in relation with the results obtained by Salzano et al. [35].

In order to perform a preliminary analysis of this simulation, we selected the residues closely interacting with TCDD
within the binding pocket. A first selection was made by considering the average center-of-mass distance between
TCDD and each PAS-Bg,; residue, dgpg hereafter. All residues within 0.5 nm from TCDD to within one standard
deviation were selected, giving a set of 29 residues. For better clarity, this selection will be hereafter denoted as
LBD (gs. For those residues we calculated the average interaction energy with TCDD, E; ;. Here, we only considered
the Lennard-Jones energy, being the contributions coming from the electrostatic energy much less significant. Table 1
collects the selected residues along with the values of dggg and E;; with the corresponding standard deviations. The

calculation was performed averaging over 10* frames, corresponding to 100 ns of simulation time.

alt-text: Table 1

@ The table layout displayed in this section is not how it will appear in the final version. The representation below is solely

purposed for providing corrections to the table. To preview the actual presentation of the table, please view the Proof.

The selection of PAS-Bga residues (LBDcRg) for which the average minimum pairwise distance between TCDD and residue atoms
was less or equal to 0.5 nm to within one standard deviation. Marked residues (*) were also present in the selection made in Ref. [35].

Residue dRrgs [nm] Ey [kJ/mol]
Phe287 048 £0.11 —-1.45+1.18
Thr289* 0.34 £0.06 —4.69 £1.67
His291* 0.28 £0.02 —12.12+£2.74
Phe295 0.32+£0.05 —10.17 £3.49
Thr296 0.53 £0.05 -1.09 £0.39
Pro297 0.30+0.03 —4.68 £1.66
Leu308* 0.59 +0.09 —0.39 £0.43
Tyr310 0.45+0.09 —-1.92 £1.10
Leu315* 0.33 +£0.05 —4.26 £1.81
Ser320 0.57£0.15 -134+2.01
Gly321 0.47 £0.09 -2.01+2.14
Phe324* 031 £0.04 —8.88 £3.75
Tle325 0.30 £0.05 —7.81£2.12
Cys333* 0.35+0.08 —8.69 £3.22
Ser336 036 +£0.10 —-4.20£198
His337* 0.29 +0.04 -10.51 £3.18
Met340* 0.33 +£0.07 —4.02 £1.96
Ser346 0.40+0.10 -3.83+£2.14
Gly347 0.35+0.09 -3.65+1.74

Met348 0.28 £0.03 —8.87 £4.14



Phe351* 0.27 £0.03 —8.59 £2.15

Leu353* 0.25+0.03 —6.06 £2.16
Val363 0.51 £0.06 —0.75 £0.22
Ser365 0.27 £0.05 —829 £2.59
Asn366 042+0.11 -3.93 £2.00
Ala367* 0.29 +£0.03 —6.47 £2.79
11e379 0.35+0.06 —2.36£0.92
Val381* 0.26 £0.02 —13.56 £2.56
GIn383* 0.30 £0.04 -10.31+2.83

We first note that all the 13 residues, LBD g, hereafter, identified in Ref. [35], as those more closely interacting with
TCDD in the bound configuration (i.e. Thr289, His291, Leu308, Leu315, Phe324, Cys333, His337, Met340, Phe351,
Leu353, Ala367, Val381, GIn383), were included in our selection. Residues His291, Phe324, Cys333, His337,
Phe351, Val381, and GIn383, had short-range interactions with TCDD within the binding pocket (with dgpg < 0.3 nm)
and interesting average energies (E; ; = —10 kJ/mol). For residues Thr289, Leu315, Met340, Leu353, and Ala367, the
interaction energy was only moderate (E ; = —5 kJ/mol), yet with short average distances (dggg < 0.35 nm). Only one
residue, namely Leu308, was characterized by large average distance (0.59 £ 0.09 nm), and small interaction energy
with a high standard deviation (—0.39 + 0.43 kJ/mol).

Notably, for some of the residues not included in the above list, namely Phe295, Pro297, lle325, Met348, Ser365, dggg
and Eq; values likely suggested these residues could play a role in TCDD binding. Among these residues, Phe295,
Pro297, and I1e325 were previously identified as target residues in a mutagenesis study performed on mouse AhR [32].
In a previous computational study [36], Met348 was already recognized as a residue interacting with the benzene ring
in polychlorinated biphenyls. To the best of our knowledge, the role of Ser365 within the hAhR has never been
discussed before and would deserve further experimental or computational investigation. A graphical representation of
the equilibrated structure of the TCDD/PAS-Bg,; complex along with some representative residues surrounding the

binding cavity is shown in Fig. 1.

alt-text: Fig. 1

Fig. 1

His291

Thr289 His337

Cys333
Phe324

Phe351

A three-dimensional view of the TCDD/PAS-Bga 1, complex highlighting some of the residues listed in Table 1. Hydrogens have been
omitted for clarity.

The trajectory of the TCDD/PAS-Bg,;, complex obtained from the NPT simulation was used as a starting point for the
identification of viable access pathways to the LBD. Here, we simulated TCDD unbinding in order to identify possible
exit pathways. We shall show below that these can be followed reversibly and therefore exit pathways may eventually
also serve as entry pathways for TCDD. Compared to the direct approach, the latter is computationally less demanding
and overcomes the necessity to sample the potentially many access points to the LBD interior. In order to overcome the
high free energy barrier between the bound and unbound states, we adopted WT metadynamics [57]. The Gaussian
bias potential was applied on three collective variables describing the orientation and the position of TCDD with

respect to an internal coordinate system, with origin at the PAS-Bg,; center (see Methods for details).

In order to minimize the bias due to the choice of the starting configuration, metadynamics simulations were performed
starting from three different frames drawn from the 100-ns NPT dynamics. For each frame, we performed twenty

independent metadynamics simulations, thus 60 overall. In all simulations, the TCDD molecule left PAS-Bg,; within



few nanoseconds, along two different paths, hereafter denoted as P1 (observed in 24 runs) and P2 (observed in 36
runs). Fig. 2 provides a graphical representation of both paths along with an example trajectory followed by TCDD
during the unbinding process. The secondary structure elements have been labeled according to the nomenclature
generally adopted for PAS structures in the literature [84]. The N-terminal {-strands, referred to as AP and B, are
followed by three small helices (Ca, Da, and Ec), and the helical connector (Fa). The C-terminal strands of the 3-sheet
are labeled as Gf3, Hp, IB, followed by the a-helix La.

alt-text: Fig. 2

Fig. 2

P2

([ o

Three-dimensional sketches of P1 (left) and P2 (right), the paths obtained from the unbinding metadynamics simulations. The colored
residues highlight the outer regions of the unbinding pathways. The starting (red) and the final (blue) TCDD positions have been
reported, along with some intermediate ones. For clarity, only one PAS-Bgat structure is displayed for each path. Secondary
structures labels are given in the text. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Along path P1, TCDD exits PAS-Bg,; crossing a U-shaped region consisting of the Fa-helix and one Gf-strand,
overall comprising the residues between Asp329 and Phe351. In this case, the undocking dynamics was characterized
by TCDD displacements within the binding pocket, and changes in the Gf3 conformation, which, at some point,
allowed the TCDD to leave PAS-Bg,;. These conformational rearrangements were slightly different in different
simulations, so that TCDD left PAS-Bg,; through different exit points between Fo and G. In the remaining 36 runs,
the TCDD exited along P2. This pathway is delimited by some residues in the region connecting the A and Bf
strands (from Lys292 to Thr296), two alpha helices, namely Fa (residues Arg339-Gly344) and La (residues Ala416-
Phe420), and two f-strands, here labeled as Hf (residues Leu369-Gly374) and I (residues Arg375-11e379). It should
be noted that within this pathway, the position of the TCDD upon exiting the PAS-B g, varied significantly, partly due
to the mobility of the Lo helix, located in the C-terminus part of the protein, partly to the conformational flexibility of
the H and I 3-loops.

To determine whether P1 and P2 could provide thermodynamically viable access pathways for TCDD, we calculated
the free energy surfaces (FES) associated to both paths, by repeatedly simulating TCDD binding and unbinding along

trajectories assembled from those obtained during the previous unbinding MD simulations (see Methods for details).

Starting from the unbound state, corresponding to the TCDD molecule in bulk water, metadynamics MD simulations
were then performed by adding Gaussians along the path collective variables S and Z, describing the progress along the
path and the square distance from the path, respectively. Figs. 3 and 4 show for each path the resulting FES, which
were collected over 1.6 us. For the sake of discussion, some simplified molecular sketches of the system have been

reported, which were extracted from the corresponding MD trajectories.

alt-text: Fig. 3
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Two dimensional maps of the free-energy surfaces obtained for P1 as a function of S and Z (see text). Energies are in kJ/mol. The
values of dy gp, are also reported for the frames in the path trajectory. Three main energy basins namely, Al, B, and CI, are
highlighted. Simplified sketches of molecular structures representative of such regions are also reported, showing the position of the
TCDD molecule (red) relative to the P1 residues (orange). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Two dimensional maps of the free-energy surfaces obtained for P2 as a function of S and Z (see text). Energies are in kJ/mol. The
values of d{ gp, are also reported for the frames in the path trajectory. Three main energy basins namely, A2, B2, and C2, are
highlighted. Simplified sketches of molecular structures representative of such regions are also reported, showing the position of the
TCDD molecule (red) relative to the P2 residues (orange). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 3 shows the free energy surface of P1. The dimensionless parameter S ranged from 1, corresponding to the
unbound state, to N = 93, corresponding to the TCDD/PAS-Bg,; complex. Three regions, Al, B1, and C1 can be
identified, corresponding to free energy basins. The former, Al, is located at about S = 20, corresponding to
digp = 1.5 nm. This minimum can be associated with the stabilizing interactions of TCDD with the outer residues of
P1, taking place during the early stage of TCDD capture (a detailed discussion on the residues involved follows
below). A second free energy basin, B1, is clearly visible at S = 50 (d;gp ~ 0.9 nm). This distance along the path
corresponds to a point where the TCDD is about to enter the binding cavity. Finally, the last basin, C1, is characterized
by high S values (S > 80) and short distances (d; gp < 0.2 nm), corresponding to the TCDD/PAS-Bg,; bound state.
The FES for P2 is reported in Fig. 4.

Also here three main energy basins can be recognized, although the free energy wells are generally shallower than
those observed in P1. Basin A2 is characterized by values of S and d;pp spanning a wide range (15 < S < 30 and
1.6 nm < d; gp < 1.3 nm). The extension of this basin is justified by the large conformational flexibility of this region,
which includes the C-terminus chain. A detailed analysis on the conformational flexibility of the PAS-Bg, is provided
below. Basins B2 and C2 partially overlap, being separated by a shallow barrier. As we shall show in more detail
below, basin B2 can be reasonably associated with the stabilizing interaction between TCDD and two PAS-Bg,;
residues. Instead C2 corresponds to the TCDD/PAS-Bg,; bound configuration, similar to C1.

The decrease in free energy on going from bulk water to basins Al and A2 suggests that both paths offer
thermodynamically viable accesses to TCDD. The depths of these basins are quite different, as the depth of the Al
basin is —465.1 kJ/mol, whereas —268.5 kJ/mol for A2.

While the FES provide an overall view of the free energy landscape associated with TCDD binding, they do not
convey detailed information about the residues involved in this process. To gain this information, we performed a set of
12 additional short path collective metadynamics simulations for each path. The path trajectories used to describe
TCDD binding were the same used in FES calculation. Again, the simulations started with the TCDD molecule in the
water phase. In all cases, TCDD binding took few nanoseconds to complete (usually less than 5 ns). The
corresponding MD trajectories were post processed in order to extract relevant information about the intermolecular
interactions between TCDD and each PAS-Bg,; residue. For each frame in a trajectory we considered the Lennard-
Jones contributions to the intermolecular energy (E ). The electrostatic interaction energies were significantly smaller
and were neglected. Additionally, the distances between the TCDD and the LBDg,; center-of-masses (d;gp) were
calculated. The energy values obtained across the different simulations were averaged by binning d; gy values. The bin

size was set at 0.05 nm.

Fig. 5 compares the E; profiles of the residues from Asp329 to Phe351, highlighting those more strongly interacting
with TCDD along the path P1. These residues were Tyr332, 11e349, His337 and Phe351. The positions of the energy
minima suggest that those residues likely come into play at different stages of TCDD capture. In order to better
rationalize energy profiles, and hypothesize a possible mechanism, we reported in Fig. 6 the molecular sketches of four
representative frames extracted from one metadynamics run. Very similar mechanisms were observed in the remaining
runs. Upon approaching the binding domain, the first residue establishing a close interaction with TCDD was Tyr332.
Consistently with Fig. 5, this interaction took place when the TCDD distance from the LBD center was about 1.5 nm.

alt-text: Fig. 5
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Average Lennard-Jones energies plotted as a function of the TCDD/LBDga1 distance (dpgp) for the residues from Asp329 to
Phe351 along P1. The profiles of the residues more strongly interacting with TCDD are highlighted. Energies are in kJ/mol.
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Fig. 6

Representative MD frames illustrating the dynamics of TCDD capture by the PAS-Bgay, along PI. The four residues closely
interacting with TCDD are highlighted. For better clarity, all P1 residues identified in Fig. 2 are highlighted and hydrogen atoms have
been omitted.

As the dioxin molecule proceeds along the entry path, the interaction with Tyr332 is complemented by that with Ile349
(see frame B). The potential wells of these two interactions in the region between 0.9 nm < d; g, < 1.3 nm are close to
each other, suggesting that both may trigger TCDD capture at this early stage. Subsequently (frame C), the residues
His337 and Phe351 come into play (d; gp < 0.8 nm), pulling the TCDD molecule into the binding site. These residues
equally contributed to TCDD capture, further pulling the molecule into the LBD (frame D).

A similar analysis was performed for P2 residues (Lys292-Thr296, Arg339-Gly344, Ala416-Phe420, Leu369-Gly374,
Arg375-11e379). To ensure an exhaustive analysis, the LBD residues were also included in this selection. According to
Fig. 7, where the corresponding LJ energy profiles are compared, these residues strongly interacting with TCDD were
Leu293, Phe295, His337, Met340, and Ile341. Leu293 and Phe295 are located in the region connecting the A and B3
strands, while the remaining residues are all in the Fa helix. As suggested by the E; ; profile, Leu293 and Ile341 were
both involved in the early stage of TCDD capture, with similar interaction energies. This is clearly visible in Fig. 8
(frame A), where some MD frames have been reported to support the capture mechanism. The interactions with these
residues are gradually replaced by those with Phe295, Met340 and His337 as TCDD approaches the LBD center
(digp < 1.2 nm). The interaction with residue Met340 is limited in energy contribution and path length; the
corresponding energy reaches its maximum value (on the average) for d; g = 1.2 nm, corresponding to the situation

depicted in Fig. 8B, and then rapidly decreases.
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Average Lennard-Jones energies plotted as a function of the TCDD-LBDga1, distance (dpgp) for P2 residues (Lys292-Thr296,
Arg339-Gly344, Ala416-Phe420, Leu369-Gly374, Arg375-11e379). Energies are in kJ/mol.

alt-text: Fig. 8

Representative MD frames illustrating the dynamics of TCDD capture by PAS-Bga along P2. The five residues closely interacting
with TCDD are highlighted. For better clarity, all P2 residues identified in Fig. 2 are highlighted and hydrogen atoms have been
omitted.

By contrast, the strength of the interaction between TCDD and residues Phe295 and His337 increases along the path,
reaching a maximum at about d; g, = 0.8 nm, where TCDD is located between both residues (see Fig. 8C). Beyond
this point, the interaction energy with His337 remains close to the minimum value (E;; = —23.86 kJ/mol) to increase as
TCDD approaches the LBD center (Fig. 8, frame D). The existence of a stabilizing interaction between TCDD and
PAS-Bg,; residues in this region is consistent with the FES reported above for this path (see Fig. 4B).

Interestingly, some of the residues found, i.e. Phe295, His337, and Met340, coming into play at the late stage of TCDD
capture, were originally present in the selection proposed in Ref. 30, suggesting they may play a role in the
TCDD/PAS-Bg,; complex stabilization. In addition, His337 was already selected in P1 as a residue strongly
interacting with TCDD. Some considerations can be made about the accessibility of P2 compared to P1. As far as our
structural model of the hAhR is considered, while entry from P1 occurs through a well-defined region of PAS-Bg,y,

access through P2 seems to be affected by the conformational flexibility of the C-terminus chain, La.

To further investigate this aspect, we calculated the average root-mean-square displacement, ryyg, of each residue in
the PAS-Bg,; domain with enclosed TCDD. The displacements were calculated after aligning all the trajectory frames
of the 100-ns NPT simulation to the starting one to eliminate the spurious effects of translational and rotational

diffusion. Residue displacements were then computed from the corresponding atomic displacements, with respect to



their center of mass, and averaged over the whole trajectory. Fig. 9 graphically illustrates the result. As expected, the C-
and N-terminus residues show large spatial displacements, whereas the internal f-sheets and o-helix do not move
much. In particular, Lo residues (Ala416-Phe420), have high rpyg values (e.g. 4.47 A for residue Phe420). The
conformational flexibility of these residues may eventually facilitate TCDD access through P2. Yet, only the availability
of a structural model describing the domain beyond C-terminus will provide more detailed insights about the effective
accessibility of P2. Vice versa, P1 residues (Fa and Gf) are conformationally less mobile, as expected. In this case,

molecular flexibility is less critical.

alt-text: Fig. 9

La

Three-dimensional structure of PAS-Bga 1, showing the average root mean square displacements (rrps) of each residue.

4 Conclusions

In this work, we have attempted the identification of viable TCDD access pathways to the human AhR LBD by means
of MD simulations. Two candidate paths were identified based on metadynamics simulations of TCDD/PAS-Bg,1
unbinding. These paths spanned two different regions of PAS-Bg,;, the former located in the Fa-Gf3 segment, the
latter involving a more complex region, comprising the Af-Bf connector, two alpha helices, (Fa and La) and two -
strands, (HB and If). According to the FES, both paths appear to provide thermodynamically viable pathways for
TCDD access. This outcome is further confirmed by the presence of residues establishing strong intermolecular
interactions with TCDD, not just within the LBD, but throughout the binding-unbinding transition.

The validity of our findings is limited to the structural model we have considered (PAS-Bg,; ), which only partially
describe the hAhR structure and neglect the effect of the partner proteins, such as Hsp90 and XAP2. As evidenced by
Szollosi and co-workers [48] the presence of such proteins might significantly affect hAhR accessibility and should be
considered in the evaluation of the ligand binding mechanisms. In the same study, based on visual inspection, the
authors have recognized the region above Fa, which resembles our P1, as a possible access path. Meanwhile, the other
pathway they suggested was not found in our study. Based on the existing literature, we have no indication about the
second path we have identified, P2. The presence of free-energy minima and stabilizing interactions between TCDD

and some residues suggest this path as a potentially viable one.

Hopefully, the availability of more refined structural models, will soon allow us to test the validity of our findings. At
the same time, our study provides former insights on a topic that, so far, has received very little attention in the
literature. In the recent past, the lack of studies in this direction was also due to the absence of adequate computational
resources and tools. The advent of enhanced sampling techniques, like metadynamics, has opened new avenues in the
characterization of ligand-receptor complexes. Yet, the application of these methods to biological systems is still
computationally very demanding, due to the necessity to sample a large configurational space, characterized by the
presence of several local energy minima. We hope that this work, in line with our previous efforts on TCDD absorption
by lipid membranes [85,86], will contribute to the development of a full molecular picture describing TCDD

toxicokinetics.
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Highlights

e 2,3,7,8-tetrachlorodibenzo-p-dioxin, simply known as dioxin, is a primary concern for human health.

¢ The main mechanism of action of dioxin in humans;-invetvingbindingto-the ArythydroearbonReeeptor; is poorly

understood at the molecular level.

e Standard and biased molecular dynamics approaches-are used to identify two-the main access pathways to the Aryl

hydrocarbon Receptor.

 For each pathway, a mechanism is hypothesized by identifying the key residues likely to be involved in dioxin capture.
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