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ABSTRACT

Unintentionally released in the environment as lydpcts of industrial activities, dioxins,
exemplified by 2,3,7,8-tetrachlorodibenzo-p-dioXinCDD), represent a primary concern for
human health. Exposure to these chemicals is kniowproduce a broad spectrum of adverse
effects, including cancer. The main mechanism ¢ibamf TCDD in humans involves binding
to the Aryl hydrocarbon Receptor (AhR). Althoughatitatively established, TCDD capture by
the AhR remains poorly characterized at the mobedelvel. Starting from a recently developed
structural model of the human AhR PAS-B domairthis work we attempt the identification of

viable TCDD access pathways to the human AhR lidanding domain by means of molecular



dynamics. Based on the result of metadynamics sitoals, we identify two main regions that
may potentially serve as access paths for TCDD.damh path, we characterize the residues
closely interacting with TCDD, thereby suggestingassible mechanism for TCDD capture.
Our results are reviewed and discussed in the bftihe available information about Human

AhR structure and functions.

INTRODUCTION

The term “dioxins” identifies a group of about tlvondred poly-chlorinated aromatic chemicals,
characterized by high toxic potency and persistencéhe environmenfl-4]. Exposure to

dioxins has been linked to a number of adversesfien the nervous, immune and endocrine [5-
8] systems. Additionally, 2,3,7,8-tetrachlorodibeszdioxin (TCDD), recognized as the most

toxic representative of this class of chemicalss wlassified as a human carcinogen in 1997 [9].

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

including the development of pathologies like carjt&,18].

TCDD binding to the AhR PAS-B domain triggers tledernse of the partner proteins and AhR
hetero-dimerization with the AhR nuclear translocgbrotein, ARNT [19-21]. The resulting

complex migrates to the nucleus, where it bindsspecific DNA sequences, known as



xenobiotic-response elements, thereby encoding ti@nscription of metabolising
enzymes[22,23]. Beside this well-established catarsignaling pathway, others have also been

identified and reported [24,25].

Despite being qualitatively established, severpkats of the above route remain only partially
understood at the molecular level, due to the ceripyl of the systems investigated, and the
limited availability of experimental data. Sign#ict efforts have gone in developing
atomistically detailed models of the TCDD bindintg sthe ligand binding domain (LBD). Early
experimental investigations identified the LBD irydrophobic region encompassing the PAS-
B domain, a relatively small domain consisting ppeoximately 110 amino-acids [26-30]. In the
absence of experimentally determined AhR struciusactural models of the LBD have been
developed for a number of species [31-36] usingpdational approaches, such as homology
modeling and functional analysis, taking advantafiethe structural similarities across the
members of the bHLH-PAS family [37]. The analysfssach models with molecular docking
techniques provided important insights about th®Lld&ructure and the residues mostly involved
in TCDD binding. Quite remarkably, these residuesenfound to be highly conserved across
different species with high TCDD responsiveness,3839], thereby suggesting that ligand

binding could be the main factor responsible faldgical activity.

This idea was further exploited in similar studmeestly aimed at finding the set of molecular
factors — collectively referred as binding modéhattcould discriminate between high and low
affinity ligands [40-43]. Of particular interest wahe possibility of ranking the toxicity of

compounds on the basis of the binding energiegtpd4Former attempts in this direction were
only partially successful, also due to the use igéd receptor conformations in docking

simulations [46,47]. Furthermore, although diffdrégands could effectively exploit different



key interactions with the LBD residues, the diffeses were often too small to justify the
observed differences in the experimental bindinniées [48]. Some studies [49,50] also
evidenced a poor correlation between the experimhémding affinities and those estimated by

commercially available docking programs.

Some significant improvements were obtained witle timtroduction of more refined
computational protocols [51], such as docking erndenfid3] and molecular dynamics (MD)
[52,53,48]. The latter has been found especialgfulsn this context, thanks to the possibility to
fully account for the receptor’'s conformationalxilality. Standard MD provides an efficient
way of sampling the structure around minimum-eneapnfiguration of ligand-receptor
complexes. However, such methods cannot accesdirtlee scale of rare events, such as
binding/unbinding processes. To overcome this &tioh, enhanced sampling techniques, such
as metadynamics [54-58], have been developed whersystem’s potential energy is biased
during the simulation, thereby encouraging the esysto explore the configurational space

beyond minimum-energy conformations.

Early applications of metadynamics focused on dagkin solution [59], the calculation of
binding energies [60]. Later on, the method washkmrdeveloped to deal with many aspects of
ligand-protein association [61], including liganithding kinetics [62-64]. The latter is of special
interest in this context. Indeed, given the liggmdtein bound configuration, one may simulate
the unbinding process to obtain a set of exit pagsmwvhich may be followed reversibly, and
therefore eventually exploited as access pathwaygand binding [59,60,65,66,67,68]. This
approach is computationally more efficient than search of access pathways from unbound
configuration, as it bypasses the need to sammeptitentially many access points to the

receptor interior.



In this work, we combine standard MD and metadyanmin the attempt to identify viable
TCDD binding/unbinding pathways to the human AhRHKR). Our aim is also to provide some
background knowledge on this aspect, which hasweddittle attention in the literature. Due to
the absence of experimentally determined structofethe hAhR, the present investigation
focuses on a sequence consisting of 146 residepsesentative for the PAS-B domain, for
which a structural model was developed via homologgeling [35]. Starting from this model
and using the computational route outlined abowejdentify two binding pathways for TCDD.
The analysis of the free energy surfaces suggésts dccess from these paths may be
thermodynamically feasible. For each pathway, wegoltlyesize a mechanism by identifying the
residues most likely to be involved in TCDD captufmally, we discuss path accessibility in the

light of the existing literature.

METHODS

System setup As a structural model for the present investaygtive considered a sequence of
146 residues (between Pro275 and Phe420) of th&h#ih which a three dimensional atomistic
structural model was developed by Salzano et §l.[3&reafter, we chose to name this sequence
PAS-BsaL, since it substantially overlaps with that defmithe PAS-B domain (Pro275-
Leu386). The structure was pre-processed by adgiplicit hydrogen atoms. The TCDD/PAS-
BsaL complex was then prepared by docking the TCDD oubéeinto the putative binding cavity
suggested in the same study. The complex was placaad orthorhombic simulation box, with
size of 9x9x9 nm, and solvated with 17998 wateranoles. The OPLS-AA force field [69-73]
was used to model intra and inter molecular intevas. The positive charges on the protein
were neutralized by adding 6 @ns to the solution. Additional 24 N&I" ion pairs were also

added to simulate NaCl physiological concentrat@i5 M). For water, the TIP3P force field



was adopted [74]. All simulations were carried with the GROMACS (v. 5.0.4) program suite
[75]. Electrostatic interactions were accountedtiia Particle-Mesh-Ewald method [76] with a

Fourier grid spacing of 0.12 nm.

MD simulations: equilibration of the TCDD/PAS-Bsa. complex The TCDD/PAS-Ba.
complex was equilibrated via a short (2 ns) simoiaiat constant temperature and pressure
(NPT ensemble). The system temperature was kegtamtrat 310 K using the velocity rescaling
algorithm developed by Bussi et al. [77], withragi constant of 1 ps. The pressure (1.0 atm) was
controlled via anisotropic coupling to Berendsemnobtat [78], with time constant of 4 ps and

isothermal compressibility of 4.6- T0atm ™.

After the equilibration, a 100-ns production runswaerformed at constant temperature and
pressure replacing the Berendsen barostat witliP#ngnello-Rahman barostat9]. In contrast

to the former, the latter was found to give staigdly more accurate results [80]. The post-
processing of the 100-ns NPT trajectory, consistinggn thousand frames, was carried out using
different programs developed in our group. In maages, to simplify the analysis, all frames
were first aligned to the first one in the trajegtaising the Kearsley algorithm [81]. The

alignment was always performed on all C and N nchsin atoms.

Well-tempered metadynamics simulations: TCDD/PAS-Ba. unbinding. The TCDD/PAS-
BsaL unbinding dynamics was simulated using well-teragenetadynamics [57] approach (WT,
hereafter), as implemented within the PLUMED 2.Xlkaae [82]. In order to simplify the
analysis of the results, the collective variablesevdefined relatively to an internal coordinate
system, made up by three orthogonal axes (x, y,zarmentered at the position defined by the

center-of-mass of the 13 residues indicated byaBalzet al. [35]. For better clarity, this



selection, grouping the residues closely intergctiith the bound TCDD molecules, will be
hereafter indicated as LB . An internal coordinate system was then develgtading from
the coordinates of three points, namely the kRDcenter-of-mass, the position of the backbone
carbon atom in residue Phe351, and the positidheobackbone carbon atom in residue Val381.

A detailed explanation is given in the SI.

Running metadynamics simulations requires the ehoica set of collective variables (CVs)
representative of the described system [60] and &bldistinguish between different system’s
conformations, which in the present case were thent and the unbound configurations. We
considered three CVs, namely: 1) the distance twke TCDD and the LB{a, center-of-
masses (@Gp); 2) the angle between the TCDD long moleculars gxiefined by the vector
connecting the midpoints of the chlorine atom patrthe opposite sides of the molecule) and the
reference z axisffc)); 3) the angle between the TCDD short moleculas &efined by the
vector connecting the two oxygen atoms) and thereece z axisffox). Some preliminary runs
were performed to optimize the metadynamics pararsetvith the aim at finding a reasonable
compromise between sampling accuracy and compogtiefficiency. In all production runs,
the height of the Gaussian hills was set at 3.0&0/The hills width was set to 0.2 nm for the
first CV and 4 degrees for the remaining two CVise Tills deposition rate was set at 1/208 fs

the biasfactor at 12.0.

Path collective variable metadynamics simulationscalculation of free energy surfaces
(FES) and identification of the key residues alonthe paths.The FES associated with the two
paths found in the unbinding simulations (see mrewviparagraph), namely P1 and P2, were

calculated performing path metadynamics simulatial®g the unbinding trajectories. The



simulations were performed using the path collectiariable approach [58], as implemented in

the PLUMED 2.3 package [80].

The trajectories for these simulations were dewadofrom those obtained from unbinding
dynamics simulations (see the previous paragrapligleows. For each path, one trajectory was
prepared, comprising a variable number of “mairdiries, which were linearly interpolated to
obtain a larger number of smoothly connected frarBéasrting from the unbound configuration
(e.g. with the TCDD in bulk water), a set of congee main frames was selected on the basis
of two descriptors, namely gb and the root mean square distance between RASdarbon
and nitrogen atoms. For two consecutive frameslatiter quantity was calculated after structure
alignment, using the Kearsley algorithm [81] onRAS-Bsa. carbon and nitrogen atoms. The
number of interpolating frames was selected sooasgbtain evenly spaced configurations in
terms of the above descriptors. For P1, a trajgctmmsisting of 93 frames was obtained
interpolating 12 main frames. For P2, 9 main framee used to generate a trajectory

consisting of 95 frames overall.

The FES were calculated as a function of two végmamely the progress along the path, S,
and the square distance from the path, Z. S isremBionless parameter, with values ranging

from 1 to N, being N the number of frames in théhgeajectory. The unit measure of Z isfim

Each metadynamics run, performed at constant tatyer(310 K) and pressure (1 atm), had an
overall duration of 1.6us for each path. The following simulation paranmeteere optimized
after some preliminary runs. The valueiofi.e. the “temperature” factor [82]) was set at®60
nm-2. Geometry—adaptive Gaussian hills were adogtethg the simulations, with a starting

height of 3.0 kJ/mol. The hills width was set & fbor S and 0.01 nfifor Z. Hill deposition was



performed at every 200 MD steps. The biasfactor sesat 12.0. To prevent the TCDD from

being trapped in AhR regions far from the pathadditional quadratic upper wall was set at Z =
0.1 nnf, with force constant equal to 1000 kJ/molfnffihe FES reconstruction was performed
with a resolution of 300 bins along both S and Zspand setting the width for S and Z at 0.5
and 0.01 nf respectively. The FES were reweighted using ththad proposed by Branduardi

and coworkers [83], developed for WT simulationsthwiadaptive Gaussians. The FES
convergence was assessed by checking the hillsthaigl the comparing the FES obtained at

different simulation times (see Sl for details).

The above parameters were also used to performset® (12 for each path) of short path
collective metadynamics simulations aimed at idginiiy the residues closely interacting with
TCDD along the paths. The path trajectories weeesdime described above and used in the FES
calculation. Also those simulation were performéattsng with the TCDD in the water phase
(e.g. in the unbound configuration). Each simulatias allowed to run the time required for the
TCDD to reach the LBD center (about 5 ns). The Mddectories were then post-processed to
extract the information about the interaction betw@&CDD and the closely interacting residues

(see below).

RESULTS and DISCUSSION

The hAhR PAS-B domain, PASsk, considered in this work consisted of 146 residues
spanning the region between amino acids Pro27%&rd20 [35]. During a preliminary stage of
our work, the TCDD was placed in the binding sitel $he resulting complex was solvated and

shortly relaxed as described above. A 100-ns MDRIygecton run was then performed in order to



fully relax the TCDD/PAS-Ba. complex and provide the necessary starting péantthe search
of potential access path candidates. Meanwhils,dimulation gave us the possibility to test the

force field reliability in relation with the resslbbtained by Salzano et al. [35].

In order to perform a preliminary analysis of tkimulation, we selected the residues closely
interacting with TCDD within the binding pocket.fAst selection was made by considering the
average center-of-mass distance between TCDD aridRaS-Ba residue, des hereafter. All
residues within 0.5 nm from TCDD to within one stard deviation were selected, giving a set
of 29 residues. For better clarity, this selectrait be hereafter denoted as LBR: For those
residues we calculated the average interactiorggrvith TCDD, E ;. Here, we only considered
the Lennard-Jones energy, being the contributi@msireg from the electrostatic energy much
less significant. Table 1 collects the selecteddue=s along with the values oggt and E; with

the corresponding standard deviations. The caloulavas performed averaging over“10

frames, corresponding to 100 ns of simulation time.

We first note that all the 13 residues, L&D hereafter, identified in Ref. [35], as those more
closely interacting with TCDD in the bound configtion (i.e. Thr289, His291, Leu308, Leu315,
Phe324, Cys333, His337, Met340, Phe351, Leu3536XaVal381, GIn383), were included in
our selection. Residues His291, Phe324, Cys3333disPhe351, Val381, and GIn383, had
short-range interactions with TCDD within the bimgli pocket (with ges < 0.3 nm) and
interesting average energies (E -10 kJ/mol). For residues Thr289, Leu315, Met344€))353,
and Ala367, the interaction energy was only moae(Bt; = -5 kJ/mol), yet with short average
distances (gks < 0.35 nm). Only one residue, namely Leu308, wagadherized by large
average distance (0.59 + 0.09 nm), and small ioteraenergy with a high standard deviation (-

0.39 £ 0.43 kJ/mol).
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Notably, for some of the residues not includedhm above list, namely Phe295, Pro297, 1le325,
Met348, Ser365, gks and E; values likely suggested these residues could laje in TCDD
binding. Among these residues, Phe295, Pro297)laBa5 were previously identified as target
residues in a mutagenesis study performed on mauge[32]. In a previous computational
study [36], Met348 was already recognized as awvesinteracting with the benzene ring in
polychlorinated biphenyls. To the best of our knedge, the role of Ser365 within the hAhR has
never been discussed before and would deserveefurtixperimental or computational
investigation. A graphical representation of theiiklorated structure of the TCDD/PASsR
complex along with some representative residuesosnding the binding cavity is shown in

Figure 1.

Table 1. The selection of PASR residues (LBRrs) for which the average minimum pairwise
distance between TCDD and residue atoms was lesgual to 0.5 nm to within one standard

deviation. Marked residues (*) were also presenhéiselection made in Ref. [35].

Residue dres[nm] Evy [kd/mol]

Phe287 0.48£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

11



Leu315* 0.33+£0.05 -4.26 +1.81
Ser320 0.57 +£0.15 -1.34+2.01
Gly321 0.47 +£0.09 -2.01+2.14
Phe324* 0.31+0.04 -8.88 £3.75
lle325 0.30 +£0.05 -7.81+2.12
Cys333* 0.35+0.08 -8.69 + 3.22
Ser336 0.36 +£0.10 -4.20+£1.98
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 -8.29 £ 2.59
Asn366 0.42+0.11 -3.93 £2.00
Ala367* 0.29 +0.03 -6.47 +2.79
1e379 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

The trajectory of the TCDD/PASdR. complex obtained from the NPT simulation was used
starting point for the identification of viable &ss pathways to the LBD. Here, we simulated
TCDD unbinding in order to identify possible exétpways. We shall show below that these can

be followed reversibly and therefore exit pathweysy eventually also serve as entry pathways

12



for TCDD. Compared to the direct approach, thestas computationally less demanding and
overcomes the necessity to sample the potentiadigynaccess points to the LBD interior. In
order to overcome the high free energy barrier betwthe bound and unbound states, we
adopted WT metadynamics [57]. The Gaussian biasnpiat was applied on three collective
variables describing the orientation and the pasitof TCDD with respect to an internal

coordinate system, with origin at the PAgsBcenter (see Methods for details).

His291

Thr289 His337

Phe324

Phe351

Figure 1. A three-dimensional view of the TCDD/PASA complex highlighting some of the

residues listed in Table 1. Hydrogens have beettedrfor clarity.

In order to minimize the bias due to the choicethed starting configuration, metadynamics
simulations were performed starting from threeaidéht frames drawn from the 100-ns NPT
dynamics. For each frame, we performed twenty ieddpnt metadynamics simulations, thus 60
overall. In all simulations, the TCDD molecule I&AS-Bsa. within few nanoseconds, along

two different paths, hereafter denoted as P1 (¥bsgein 24 runs) and P2 (observed in 36 runs).
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Figure 2 provides a graphical representation oh lmths along with an example trajectory
followed by TCDD during the unbinding process. ®ezondary structure elements have been
labeled according to the nomenclature generallypdbfor PAS structures in the literature [84].
The N-terminaB-strands, referred to asdAand B3, are followed by three small heliceso(@a,

and E), and the helical connectord- The C-terminal strands of tifiesheet are labeled ag$G

Hp, 1B, followed by thex-helix Lo.

Along path P1, TCDD exits PASsR crossing a U-shaped region consisting of theh&lix
and one @B-strand, overall comprising the residues betweep329 and Phe351. In this case,
the undocking dynamics was characterized by TCDdpldcements within the binding pocket,
and changes in thepCconformation, which, at some point, allowed theDICto leave PAS-
BsaL. These conformational rearrangements were slighithgrent in different simulations, so
that TCDD left PAS-Ba. through different exit points between Bnd @. In the remaining 36
runs, the TCDD exited along P2. This pathway igntigéd by some residues in the region
connecting the A and BB strands (from Lys292 to Thr296), two alpha heliceamely f
(residues Arg339-Gly344) anaul(residues Ala416-Phe420), and t@«strands, here labeled as
Hp (residues Leu369-Gly374) anfl (residues Arg375-11e379). It should be noted tivdhin
this pathway, the position of the TCDD upon exitthg PAS-Ba. varied significantly, partly
due to the mobility of the d_helix, located in the C-terminus part of the protgartly to the

conformational flexibility of the H andfi-loops.
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Figure 2. Three-dimensional sketches of P1 (left) and Pght)j the paths obtained from the
unbinding metadynamics simulations. The coloreddues highlight the outer regions of the
unbinding pathways. The starting (red) and thel fiblue) TCDD positions have been reported,
along with some intermediate ones. For clarity,yomhe PAS-Ba. structure is displayed for

each path. Secondary structures labels are givéeitext.

To determine whether P1 and P2 could provide thdymamically viable access pathways for
TCDD, we calculated the free energy surfaces (F&SSpciated to both paths, by repeatedly
simulating TCDD binding and unbinding along traggcts assembled from those obtained
during the previous unbinding MD simulations (seetivds for details).

Starting from the unbound state, corresponding te TCDD molecule in bulk water,
metadynamics MD simulations were then performedadging Gaussians along the path
collective variables S and Z, describing the pregr@ong the path and the square distance from
the path, respectively. Figures 3 and 4 show fahegath the resulting FES, which were
collected over 1.aGis. For the sake of discussion, some simplified mdér sketches of the

system have been reported, which were extracteal thhe corresponding MD trajectories.

15



Figure 3 shows the free energy surface of P1. Tmemsionless parameter S ranged from 1,
corresponding to the unbound state, to N = 93 esponding to the TCDD/PASsR. complex.
Three regions, Al, B1, and C1 can be identifiedresponding to free energy basins. The
former, Al, is located at about S = 20, correspogdo dgp = 1.5 nm. This minimum can be
associated with the stabilizing interactions of TC@ith the outer residues of P1, taking place
during the early stage of TCDD capture (a detailsd¢ussion on the residues involved follows
below). A second free energy basin, B1, is cleaifjble at S~ 50 (dgp = 0.9 nm). This
distance along the path corresponds to a pointevties TCDD is about to enter the binding
cavity. Finally, the last basin, C1, is charactediby high S values (S > 80) and short distances
(dusp < 0.2 nm), corresponding to the TCDD/PAgSsBbound state. The FES for P2 is reported

in Figure 4.

16



dugo [nm] ky/mol
197 15 100 079 020 0.3

Figure 3. Two dimensional maps of the free-energy surfadeaimed for P1 as a function of S
and Z (see text). Energies are in kJ/mol. The wabfed gp, are also reported for the frames in
the path trajectory. Three main energy basins ngm&l, B1, and C1, are highlighted.
Simplified sketches of molecular structures repmesese of such regions are also reported,

showing the position of the TCDD molecule (redatiede to the P1 residues (orange).

17



Also here three main energy basins can be recaynaéhough the free energy wells are
generally shallower than those observed in P1.rBaRiis characterized by values of S anghd
spanning a wide range (15 < S < 30 and 1.6 nmss € 1.3 nm). The extension of this basin is
justified by the large conformational flexibilityf @his region, which includes the C-terminus
chain. A detailed analysis on the conformationaxibility of the PAS-B. is provided below.
Basins B2 and C2 partially overlap, being separéted shallow barrier. As we shall show in
more detail below, basin B2 can be reasonably &sgsoc with the stabilizing interaction
between TCDD and two PASsR residues. Instead C2 corresponds to the TCDD/PAS-B
bound configuration, similar to C1.

The decrease in free energy on going from bulk matdasins A1 and A2 suggests that both
paths offer thermodynamically viable accesses t@DCThe depths of these basins are quite

different, as the depth of the Al basin is -465l/imol, whereas -268.5 kJ/mol for A2.

18



digo [nm] k)/mol
178 143 114 059 043 0.10

Figure 4. Two dimensional maps of the free-energy surfadeaimed for P2 as a function of S
and Z (see text). Energies are in kJ/mol. The wabfed gp, are also reported for the frames in
the path trajectory. Three main energy basins ngam&P, B2, and C2, are highlighted.
Simplified sketches of molecular structures repmesese of such regions are also reported,

showing the position of the TCDD molecule (redptiede to the P2 residues (orange).
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While the FES provide an overall view of the freeegy landscape associated with TCDD
binding, they do not convey detailed informatiomatbthe residues involved in this process. To
gain this information, we performed a set of 12itoidal short path collective metadynamics
simulations for each path. The path trajectoriesdu® describe TCDD binding were the same
used in FES calculation. Again, the simulationstetawith the TCDD molecule in the water
phase. In all cases, TCDD binding took few nanosdsdo complete (usually less than 5 ns).
The corresponding MD trajectories were post praadss order to extract relevant information
about the intermolecular interactions between TC&u each PAS-8, residue. For each
frame in a trajectory we considered the Lennarcedaontributions to the intermolecular energy
(ELy).- The electrostatic interaction energies were iBggmtly smaller and were neglected.
Additionally, the distances between the TCDD anel tBDsa_ center-of-masses (gh) were
calculated. The energy values obtained acrossitieeatht simulations were averaged by binning

d.gp values. The bin size was set at 0.05 nm.
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Figure 5. Average Lennard-Jones energies plotted as a émofi the TCDD/LBRa. distance

(digp) for the residues from Asp329 to Phe351 along Rie profiles of the residues more

strongly interacting with TCDD are highlighted. Egies are in kJ/mol.

Figure 5 compares the Eprofiles of the residues from Asp329 to Phe35ghlghting those
more strongly interacting with TCDD along the p&th. These residues were Tyr332, 1le349,
His337 and Phe351. The positions of the energymarsuggest that those residues likely come
into play at different stages of TCDD capture. fdey to better rationalize energy profiles, and
hypothesize a possible mechanism, we reported gur&i6 the molecular sketches of four
representative frames extracted from one metadysamin. Very similar mechanisms were
observed in the remaining runs. Upon approachirey iimding domain, the first residue
establishing a close interaction with TCDD was B@&3 Consistently with Figure 5, this

interaction took place when the TCDD distance ftoenLBD center was about 1.5 nm.
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Figure 6. Representative MD frames illustrating the dynan@€S’CDD capture by the PAS-
BsaL along P1. The four residues closely interactinthwiCDD are highlighted. For better
clarity, all P1 residues identified in Figure 2 drighlighted and hydrogen atoms have been

omitted.

As the dioxin molecule proceeds along the entryhpdhe interaction with Tyr332 is
complemented by that with 1le349 (see frame B). pontial wells of these two interactions in
the region between 0.9 nm <gd < 1.3 nm are close to each other, suggestinghibidt may
trigger TCDD capture at this early stage. Subseitypdframe C), the residues His337 and

Phe351 come into play (g < 0.8 nm), pulling the TCDD molecule into the himgisite. These
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residues equally contributed to TCDD capture, frghulling the molecule into the LBD (frame
D).

A similar analysis was performed for P2 residuegs@92-Thr296, Arg339-Gly344, Ala416-
Phe420, Leu369-Gly374, Arg375-1e379). To ensuresgmaustive analysis, the LBD residues
were also included in this selection. According=tgure 7, where the corresponding LJ energy
profiles are compared, these residues stronglyadtiag with TCDD were Leu293, Phe295,
His337, Met340, and lle341. Leu293 and Phe295aa&t¢d in the region connecting thg and

Bp strands, while the remaining residues are alhe R helix. As suggested by the Jprofile,
Leu293 and lle341 were both involved in the eatigge of TCDD capture, with similar
interaction energies. This is clearly visible igiie 8 (frame A), where some MD frames have
been reported to support the capture mechanism. ifiteeactions with these residues are
gradually replaced by those with Phe295, Met340 ldis337 as TCDD approaches the LBD
center (dgp < 1.2 nm). The interaction with residue Met340nsted in energy contribution and
path length; the corresponding energy reachesatsmum value (on the average) foggl = 1.2
nm, corresponding to the situation depicted in @B, and then rapidly decreases.

By contrast, the strength of the interaction betw@€DD and residues Phe295 and His337
increases along the path, reaching a maximum attabg, = 0.8 nm, where TCDD is located
between both residues (see Figure 8C). Beyondpitiigt, the interaction energy with His337
remains close to the minimum value {E -23.86 kJ/mol) to increase as TCDD approaches th
LBD center (Figure 8, frame D). The existence aftabilizing interaction between TCDD and
PAS-Bsa. residues in this region is consistent with the FEforted above for this path (see

Figure 4B).

23



0.0 Y

5.0 |

-10.0Pa
5
£
S 150f
|
w
-20.0 |
D" [ Leu293
250 f O Phe295
A His337
V Met340

-30.0 1 V lle341

02 04 06 08 10 12 14 16 18 20
digp [nm]

Figure 7. Average Lennard-Jones energies plotted as a umofithe TCDD-LBR . distance
(digp) for P2 residues (Lys292-Thr296, Arg339-Gly344,a#16-Phe420, Leu369-Gly374,

Arg375-1le379). Energies are in kd/mol.

24



A ( '\
Figure 8. Representative MD frames illustrating the dynanat§CDD capture by PAS-8,

along P2. The five residues closely interactindywWi€CDD are highlighted. For better clarity, all

P2 residues identified in Figure 2 are highlighaed hydrogen atoms have been omitted.

Interestingly, some of the residues found, i.e.2Pbe His337, and Met340, coming into play at
the late stage of TCDD capture, were originallyspre in the selection proposed in Ref. 30,
suggesting they may play a role in the TCDD/PA§:Bcomplex stabilization. In addition,
His337 was already selected in P1 as a residuengdyranteracting with TCDD. Some
considerations can be made about the accessitil2 compared to P1. As far as our structural
model of the hAhR is considered, while entry frofh decurs through a well-defined region of
PAS-Bsa, access through P2 seems to be affected by thferowational flexibility of the C-

terminus chain, t.
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Figure 9. Three-dimensional structure of PASAB showing the average root mean square

displacements fs) of each residue.

To further investigate this aspect, we calculateel average root-mean-square displacement,
rrus, Of each residue in the PASB domain with enclosed TCDD. The displacements were
calculated after aligning all the trajectory franwdsthe 100-ns NPT simulation to the starting
one to eliminate the spurious effects of transtatioand rotational diffusion. Residue
displacements were then computed from the correpgratomic displacements, with respect to
their center of mass, and averaged over the wiajectory. Figure 9 graphically illustrates the
result. As expected, the C- and N-terminus residinesyv large spatial displacements, whereas
the internalB-sheets and-helix do not move much. In particularg kesidues (Ala416-Phe420),
have high gus values (e.g. 4.47 A for residue Phe420). The aomdtional flexibility of these

residues may eventually facilitate TCDD accessufghoP2. Yet, only the availability of a
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structural model describing the domain beyond @eus will provide more detailed insights
about the effective accessibility of P2. Vice veiRa residues (Fand @) are conformationally

less mobile, as expected. In this case, molecldzibility is less critical.

CONCLUSIONS

In this work, we have attempted the identificatodrviable TCDD access pathways to the human
AhR LBD by means of MD simulations. Two candidataths were identified based on
metadynamics simulations of TCDD/PASAB unbinding. These paths spanned two different
regions of PAS-Ba., the former located in theoFGB segment, the latter involving a more
complex region, comprising thepAp connector, two alpha helices,a(fand Lo) and twop-
strands, (8 and PB). According to the FES, both paths appear to pl@vthermodynamically
viable pathways for TCDD access. This outcomerighér confirmed by the presence of residues
establishing strong intermolecular interactionshwifCDD, not just within the LBD, but
throughout the binding-unbinding transition.

The validity of our findings is limited to the sttuwral model we have considered (PASsB,
which only partially describe the hAhR structurelareglect the effect of the partner proteins,
such as Hsp90 and XAP2. As evidenced by Szollodicanworkers [48] the presence of such
proteins might significantly affect hAhR accesstgiand should be considered in the evaluation
of the ligand binding mechanisms. In the same stbdged on visual inspection, the authors
have recognized the region above, fvhich resembles our P1, as a possible access path
Meanwhile, the other pathway they suggested wasonoid in our study. Based on the existing

literature, we have no indication about the secoath we have identified, P2. The presence of
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free-energy minima and stabilizing interactionsamstn TCDD and some residues suggest this
path as a potentially viable one.

Hopefully, the availability of more refined strucali models, will soon allow us to test the
validity of our findings. At the same time, our gyuprovides former insights on a topic that, so
far, has received very little attention in theritire. In the recent past, the lack of studigbis
direction was also due to the absence of adeqoateutational resources and tools. The advent
of enhanced sampling techniques, like metadynamies opened new avenues in the
characterization of ligand-receptor complexes. Yiste application of these methods to
biological systems is still computationally veryntknding, due to the necessity to sample a large
configurational space, characterized by the presefceveral local energy minima. We hope
that this work, in line with our previous efforta #CDD absorption by lipid membranes [85,86],

will contribute to the development of a full moldémupicture describing TCDD toxicokinetics.

ASSOCIATED CONTENT

Details about the choice of the collective varighlsed in metadynamics calculations and the

convergence of free energy surfaces (in PDF format)

AUTHOR INFORMATION

Corresponding Authors

Mosé Casalegne Dipartimento di Chimica, Materiali e Ingegne@aimica "G. Natta",
Politecnico di Milano, Via L. Mancinelli 7, 20131iMno, Italy; Email:

mose.casalegno@polimi.it.

28



Guido Sello- Dipartimento di Chimica, Universita degli StudiiMilano, via Golgi 19, 1-20133

Milano, Italy; Email:_guido.sello@unimi.it.

Authors

Guido Raos- Dipartimento di Chimica, Materiali e Ingegne@aimica "G. Natta", Politecnico

di Milano, Via L. Mancinelli 7, 20131 Milano, Itajfemail: guido.raos@polimi.it.

Author Contributions

The manuscript was written through contributionslbfuthors. All authors have given approval

to the final version of the manuscript.

Notes

The authors declare no competing financial interest

ACKNOWLEDGMENTS. The Authors acknowledge the CINECA award under IBERA
initiative (project AHRLBD, n. HP10CVZMGYV), for thevailability of high performance

computing resources and support.

ABBREVIATIONS
TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; AhR, Argydrocarbon Receptor; LBD, ligand

binding domain; hAhR, human AhR; MD, molecular dynes.

29



SOFTWARE. The following programs have been used in figurkinga VMD [87] (version
1.3.1) for drawing the molecular structures (Figute 2, 3, 4 ,6, 8, and 9). All plots have been
made with Gnuplot [88] (Figures 3, 4, 5, and 7)MBI[89] (version 2.8) was used in all figures

for image editing.
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Highlights

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

The main mechanism of action of dioxin in humans, involving binding to the Aryl hydrocarbon
Receptor, is poorly understood at the molecular level.

Standard and biased molecular dynamics approaches are used to identify two 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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