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Abstract

:

Per-Arnt-Sim (PAS) domains are evolutionarily-conserved regions found in proteins in all living systems, involved in transcriptional regulation and the response to hypoxic and xenobiotic stress. Despite having low primary sequence similarity, they show an impressively high structural conservation. Nonetheless, understanding the underlying mechanisms that drive the biological function of the PAS domains remains elusive. In this work, we used molecular dynamics simulations and bioinformatics tools in order the investigate the molecular characteristics that govern the intrinsic dynamics of five PAS-B domains (human AhR receptor, NCOA1, HIF1α, and HIF2α transcription factors, and Drosophila Suzukii (D. Suzukii) juvenile hormone receptor JHR). First, we investigated the effects of different length of N and C terminal regions of the AhR PAS-B domain, showing that truncation of those segments directly affects structural stability and aggregation propensity of the domain. Secondly, using the recently annotated PAS-B located in the methoprene-tolerant protein/juvenile hormone receptor (JHR) from D. Suzukii, we have shown that the mutation of the highly conserved “gatekeeper” tyrosine to phenylalanine (Y322F) does not affect the stability of the domain. Finally, we investigated possible redox-regulation of the AhR PAS-B domain by focusing on the cysteinome residues within PAS-B domains. The cysteines in AhR PAS-B are directly regulating the dynamics of the small molecule ligand-gating loop (residues 305 to 326). In conclusion, we comprehensibly described several molecular features governing the behaviour of PAS-B domains in solution, which may lead to a better understanding of the forces driving their biological functions.
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1. Introduction


Per-ARNT-Sim (PAS) domains can be found in proteins from all kingdoms of life. Proteins containing PAS domains in the animal kingdom are involved in cellular responses to hypoxia [1,2], hormonal signalling cascades [3], circadian cycles [2,4,5], synaptic plasticity [6] and xenobiotic responses [7]. Additionally, PAS domains are found within several transcription regulators [8,9]. Proteins containing PAS domains are involved in pathologies, such as tumourigenesis [10], excessive inflammatory responses [11] and neurodegeneration [12,13].



In animals, PAS domains are found in the basic helix-loop-helix (bHLH)-PAS transcription factors. These transcriptions factors usually comprise a bHLH DNA-binding domain, followed by a tandem: PAS-A and PAS-B, and a flexible C-terminal region containing transactivation (TAD) or trans-repression (TRD [14,15]) domains [8,16]. PAS-B domains may bind small molecules, and small molecule agonists and antagonists can modulate the protein-containing PAS-B domain activity. Human PAS domains are classified into three groups. Class I includes three hypoxia-inducible factors (HIFα): HIF1α, HIF2α, and HIF3α. Class I also includes aryl hydrocarbon receptor (AhR), AhR repressor (AhRR), and two single-minded proteins (SIM1 and SIM2). Class II includes two aryl hydrocarbon receptor nuclear translocators (ARNT1 and ARNT2) and two interrelated brain and muscle ARNT-like proteins (BMAL1 and BMAL2). Class III encapsulates the nuclear receptor coactivators (NCOA1, 3 and 4) [17].



PAS domains are essential beyond the human proteome. The discovery of the methoprene-tolerant protein (Met) [18,19], a juvenile hormone receptor, has shown that it plays a crucial role in the insect life cycle and reproduction [20,21]. Met/juvenile hormone receptor (JHR) is known to have a bHLH and a PAS domain; however, sequence analysis shows that it may have a second PAS-B domain in its sequence [18,21].



Given the interest in inhibiting pathways related to PAS-related proteins, several different PAS domains had their structure solved experimentally, either in their unbound forms or complexed with ligands [22,23]. These studies show that PAS domains adopt highly similar tertiary structures, composed mainly of α/β folds despite their low average sequence similarity (~20%) [17].



In the context of switching the proteins “on” and “off” by small molecule binding, probably the most researched PAS-B domain-containing transcription factor is the AhR receptor. This highly conserved protein is heavily involved in the cellular response to environmental pollutants and xenobiotic stress. Its translocation from the cytosol, where AhR resides in its resting state bound to the Hsp90 chaperone, to the nucleus, wherein AhR exerts its function as a transcription factor, is a multistep process, involving ligand-induced conformational changes, which remain mostly underexplored, despite years of research [24,25,26,27]. Considering a lack of its experimental structure, the complexity of this multistep process, several binding and un-binding events involve the activation of AhR, promiscuity of ligand binding, and some conflicting data on the molecular nature of the activation process, understating this process at the atomistic level of detail presents itself as a challenge. While “druggability” of the AhR PAS-B domain has been in the focus of intensive research since 2010, as the role of AhR as attractive therapeutic target emerged, the dynamics of intrinsically disordered distal segments of the domain have been overlooked. Wood and coworkers showed that the entropic force produced by the intrinsically disordered terminal regions shifts the protein’s conformational ensemble, tuning the binding affinity [28]. The function of the region did not depend on its sequence: the affinity enhancement could be accurately predicted solely based on the length of the terminal region, and was consistent with the entropic force generated by an unstructured peptide attached to the protein surface. This characteristic implies that disordered terminal segments may tune the energy landscape of proteins, which may explain the occurrence of such disordered regions in many evolutionarily conserved proteins, including transcriptional regulators containing PAS-B domains. Despite these findings, very little is currently known about the specific mechanisms of how disordered termini may modulate functions of PAS-B domains, including that of the AhR receptor.



Additionally, the reactive cysteinome of AhR’s PAS-B domain has not been addressed in detail, even though the evidence that AhR is involved in cellular redox regulation and maybe redox-regulated itself is starting to accumulate [7,29,30,31].



To address these gaps, we assessed the intrinsic dynamics of different ensembles of the human AhR PAS-B domain, to evaluate how changes in dynamics within intrinsically unstructured segments of the domain affect the overall stability and the misfolding and aggregation propensity of the domain. To evaluate the effect of these unstructured terminal segments, we have generated and simulated truncation mutants of human AhR PAS-B domain, where the terminal segments were truncated to various degrees. Atomistic molecular dynamics (MD) simulations showed that the entropic force generated by these unstructured termini segments controls the stability of the entire domain directly, and finely tunes the flexibility of the dimerisation interfaces and the “druggable” sites reported in the previous studies [9]. Subsequently, we extended our AhR PAS-B simulations to other PAS-B domains, to assess whether the observations for AhR might be part of a general trend. The following PAS-B domains were investigated: NCOA1, HIF1α, HIF2α and the previously described Met D. Suzukii PAS-B. We found that the replacement of the “gatekeeper” tyrosine Y322 of AhR, by a phenylalanine (in JHR of D. Suzukii), did not increase the local flexibility of the loop. Finally, we evaluated the reactivity of cysteines located in the AhR PAS-B domain. We showed previously unreported oxidation of C300 and C316 residues and subsequent formation of the disulfide bond between those residues, which contributes to the AhR PAS-B stability and may therefore be functionally important.




2. Materials and Methods


2.1. Homology Modelling


The models created vary in the level of truncation of the terminal segments. The four models were standard length (canonical AhR denoted as AhR-Canon, residues 283–390, the N-terminal truncation (AhR N-trunc; residues 287–390), a C-truncation (AhR C-trunc; residues 283–384) and an NC-truncation (Ahr NC-trunc; residues 287–384). The length of the truncations was made based on the secondary structure assignment, where the residues predicted to be disordered were truncated. These models were created using Phyre2 web server [32], using HIF2α PAS-B structure (PDB 5UFP) [22] as a template (Phyre2 confidence = 99.9, identity = 27%). The juvenile hormone receptor/methoprene-tolerant protein (Uniprot entry = LOC108005440, Uniparc sequence = UPI0007E2F3F4), PAS-B domain from D. Suzukii JHR PAS-B was built using Phyre2 web server, using HIF2α PAS-B structure (PDB 5UFP) as a template (Phyre2 confidence = 99.9, identity = 24%). The HIF1α (PDB: 4H6J), HIF2α (PDB: 5UFP) and NCOA1 (PDB: 5NWM) [23] PAS-B domains were obtained from the RCSB protein databank (PDB). All solvent and co-crystalised molecules were removed when necessary.




2.2. Molecular Dynamics Simulations


All simulations were performed using GROMACS 2016.1 [33]. All simulations were parametrised using the AMBER99SB-ILDN force field [34], with the TIP3P water model with hydrogens added by Gromacs when necessary. Box distance was set to 1 nm, and periodic boundary conditions were applied. Each box was solvated and Na+, and Cl− ions were added to achieve a 0.1 M neutral concentration. The solvated systems were energy minimised and equilibrated. The minimisations ran using steepest descent for 1000 cycles. Energy step size was set to 0.001 nm, and the maximum number of steps was set to 50,000 in each case. The minimisation was stopped when the maximum force fell below 1000 kJ/mol/nm using the Verlet cutoff scheme. Treatment of long-range electrostatic interactions was set to Particle mesh Ewald (PME) [35], and the short-range electrostatic and van der Waals cutoff was set to 1.0 nm. After the energy minimisation, heating to 300 K was performed for 10 ps with a time step of 2 fs, and position restraints were applied to the backbone in an NVT ensemble using a V-rescaling thermostat [36]. The LINCS [37] algorithm was used to constrain the hydrogen bonds in the protein. With the Verlet cutoff scheme and the non-bonded short-range interaction, the cutoff was set to 1.0 nm. Long-range electrostatics were again set to PME. The temperature coupling was set between the protein and the non-protein entities by using a V-rescaling thermostat, with a time constant of 0.1 ps. The simulation temperature was set to reach 300 K with the pressure coupling off. Pressure equilibration was run at 300 K with a Parrinello–Rahman [38] pressure coupling on, and set to 1 bar in an NPT ensemble. The equilibration trajectories were set to 20 ns (discarded from the analysis), and the production MD simulations were performed for three replicas each. The production runs for the four different AhR PAS-B termini constructs ran for 200 ns in triplicates.



All five different PAS-B models (AhR, NCOA1, HIF1α, HIF2α and D. Suzukii JHR) were ran using the same protocol as described earlier, except for the extension of the production runs to 500 ns in all their triplicates. To evaluate the effect of the disulfide bond on the AhR PAS-B, residues C300 and C316 were parametrised as bonded using GROMACS. The simulation procedures were the same as the ones described previously, with a production run the length of 500 ns in triplicate. All simulations converged to a stable configuration, as shown in Figures S1 and S2 (Supplementary Materials), showing the root-mean-square deviation (RMSD) for the termini length and the 500 ns runs respectively.



Analysis of the trajectories was made using GROMACS, including RMSD to assess overall stability, per-residue root-mean-square fluctuation (RMSF) to assess the local flexibility, solvent-accessible surface areas, and principal component analysis (PCA). To predict and evaluate the aggregation propensity and hotspots, we used Aggrescan3D [39,40], using the representative frame from the most populated cluster. The contact asteroid maps were created using Protein Contact Atlas [41] web server, using the representative state of the most populated cluster of each run. For the evaluation of reactivity and pKa values of the AhR cysteines, the Cy-preds webserver was used [42].





3. Results


The C and N termini on AhR PAS-B directly affect its overall dynamics, particularly on loop 1 (Figure 1). Covariance analysis for these four models has shown that the tail truncations directly affected the conformations sampled for loop 1. As shown in Figure 1, the motion of loop 1 in the canonical model does not show covariation with other motions. On the other hand, the truncated models show a direct relationship between the motion of loop 1 and the remaining residues of the PAS-B domain. This effect is higher for the NC truncation (Figure 1B) and almost negligible in the canonical model.



These correlation effects are related to the contacts between N and C termini and three other regions: loop 1, loop 2 and the β-Turn shown in Figure 1. Both of the termini are located within the β-sheet on the opposite facet from loop 1. They directly interact with the β-turn located between residues T355-R359. In turn, this β-turn interacts directly with residues located in loop 1, as shown in Figure 1E. The truncation of the tail creates two distinct effects: first, it creates a cleft, as can be seen in Figure 2A,B, located within β-strand 2, β-strand 3 and loop 2. Second, there is a propensity of termini residues to integrate the β-sheet, reducing the overall structural fluctuation, as can be seen in the root-mean-square fluctuation shown in Figure 2B. The fluctuation on loop 1 is less pronounced for the N-terminus truncation in comparison to the C-terminus truncation.



The deletion of N or C termini affects the aggregation propensity of AhR PAS-B. To evaluate the effect on aggregation, we used the Aggrescan3D webserver. In Figure 3, the aggregation propensity per residue and the overall average is shown for all four models. The termini regions play a significant role in stabilising the molecule against aggregation. However, the model with the highest average propensity of aggregation was the Canon (Aggrescore = −0.49) followed by NC-Trunc and C-Trunc (Aggrescore = −0.68). For the model with only the truncated N terminus, the aggregation scores were −0.82, the lowest of the set.



Nonetheless, this difference does not come directly from the termini truncation. As shown in Figure 3, the aggregation hotspots are not located in the chain termini. For the C-Trunc and NC-Trunc models, the primary aggregation hotspot is a trine of three hydrophobic residues (V307, L308, G309). Moreover, the central β-Strand also shows an aggregation hotspot, with the two central residues I349 and V350.



Four different PAS-B domains, other than AhR, were simulated in order to understand how the dynamics and the stable conformations of AhR PAS-B compare to the other PAS-B domains: HIF1α, HIF2α, NCOA1 and D. Suzukii JHR. All five molecules show a conserved primarily sequence between themselves, as shown in Figure S3 (Supplementary Materials). However, after the simulation, the structural alignment shows that the three-dimensional structures are different between the molecules, with similar areas (pink squares in Figure S4 (Supplementary Materials), albeit with a high number of nonaligned regions.



As shown in Figure 4, the residual fluctuation is significantly different between each molecule. Both NCOA1 and AhR PAS-B domains show a higher residual fluctuation for residues 317 to 325 in AhR and residues 280 to 282 in NCOA1 compared to their counterparts. The higher fluctuations may be attributed to several factors: for NCOA1, there is the formation of a short helix within the 280–282 region, as shown in Figure 4C. For AhR, the structural fluctuation within the PAS-B domain arises from a weaker interaction between loop 1 and the rest of the protein, represented by the average low total number of hydrogen bonds between these two groups (1.5 ± 1).



The principal component analysis (PCA) showed that the essential dynamics driving the motions are different for the different proteins considered in this study. As shown in the projection of the dynamics on principal components 1 and 2 (Figure 5A), HIF1α has the most compact distribution compared to the other molecules. AhR PAS-B shows a transition between two regions, a sparse cluster representing the starting conformations and a compact cluster representing the final equilibrated ensemble. The transition between these two PCA clusters is mainly driven by a rearrangement of the residues located within loop 1, as shown in Figure 5B. Even showing high conservation on both primary sequence and overall similar fold motif, D. Suzukii PAS-B domain had a significant difference from all the other four PAS-B domains discussed in this work: the conserved tyrosine (Y322 in AhR) was mutated to phenylalanine (F437).



To evaluate the effect of Y322 and F437 on the dynamics of their respective PAS-B, we focused on the dynamics of said residues in relation to their neighbouring atoms. In AhR, Y322 has interactions primarily with its neighbours Q23 and G21 and shows contact points with R318 (Figure 6A) in its starting configuration. In the final configurations, loop 1 experiences a conformational change, which flips Y322, which results in contacts being created between L315 and R359 (Figure 6B). D. Suzukii JHR F437 keeps most of the interactions throughout the simulation. The residues with the highest amount of contact points with F437 besides its adjacent residues are M440, S435 and V445 (Figure 6C). F437 flips and breaks its contact with M440 and V445, but it does not change its overall loop 1 configuration (Figure 6D).



The Y322 counterparts within HIF1α (Y278), HIF2α (Y276) and NCOA1 (Y297) are less flexible than AhR. The Y322 average RMSF is 0.3 nm compared to 0.14 nm for NCOA1, 0.2 for HIF1α, and 0.16 nm from HIF2α. The main factor that changes the fluctuation on these residues in contrast to AhR is the microenvironment. NCOA1 Y297 is located in helix 2, which is non-existent in all the other four models. HIF1α Y278 stability comes from the fact that it remains buried within the whole simulation structure (solvent-accessible surface area (SASA) = 0.1 ± 0.1 nm). Finally, the stability of HIF2α Y278 is explained by the backbone hydrogen bond with the buried Y281 (Figure S5 (Supplementary Materials)).



AhR PAS-B contains a unique cysteine in position 316, which is not found in any other PAS-B domain studied in this work. In the starting homology model, the distance between C316 Sthiol and the thiol group of another, more conserved cysteine C300 (Sthiol) was 0.35 nm. Several conformers sampled throughout the replicas had those residues close (distances below 0.4 nm), without any restraints. As shown in Figure 7, one replica was able to sample approximately 450 ns with both thiol groups within an average S–S distance of 0.4 nm. To achieve a configuration with both residues in this distance, C300 and C316 were buried within loop 2. This short distance reduced the accessible area for both residues from 5 nm2 to an average 4.2 nm2 for the replica. A third cysteine C333 is located on the loop 1 region, which should be close to the previously predicted areas to be a druggable binding site [9]. Cypreds were used to evaluate the reactivity and pKa of C300, C316 and C333. C300 and C316 obtained predicted pKa values of 9 ± 1, indicating none of these cysteines to be reactive with external molecules. However, C333, a cysteine located on the other helix 1 of the AhR PAS-B domain, has a predicted pKa of 8 ± 0.5, which indicates a slightly higher predicted reactivity than its other two counterparts.



For a further study of the dynamic effect of the disulfide bond formation between C300 and C316, both residues were connected, as shown in Figure 8, and subsequentially simulated for 500 ns in triplicate. The region comprised between C300–C316, which encapsulates loop 2 and a great part of loop 1, has a significant difference in dynamics in regarding its spatial fluctuation, as shown in Figure 8C. The average RMSF of the region for the disulfide bond model is 0.5 nm, in contrast to 0.15 nm for the reduced system. This difference comes from the transition between a partially α-helical structural to a fully disordered structure. As shown in Figure 8B, the average number of residues characterised as α-helical decreases to 0 through the disulfide bond trajectory. In contrast, the total starting number of residues considered as α-helical is eight, and it steadily decreases in time, stabilising in an average value of five.




4. Discussion


Using our previously developed homology model of the AhR PAS-B domain, we outlined properties of interest regarding its stability and intrinsic dynamics. Primarily, we studied the effect that different AhR PAS-B termini constructs had on its stability. Secondly, we compared AhR PAS-B dynamics with several different PAS-B domains over a longer timescale. Finally, we studied and reported how AhR PAS-B dynamics are affected by different states of its cysteines.



The termini directly affect the loop 1 dynamics, and hence, should be essential to control heterodimerisation. As previously shown by Soshilov and colleagues [15], the N and C termini are critical for the normal function and its resulting AhR DNA transformation. Hence, the heterodimer comprising AhR and hsp90 appears to be critical not only for the AhR cytosolic survival but also for its translocation to the nucleus. This overall process of the AhR PAS-B translocation and function remains elusive; however, several works have indicated that the opposite interface of loop 1 is the area which modulates the hsp90–PAS-B heterodimerisation [15,43,44]. As shown in this work, there is a direct relationship in dynamics between the termini and loop 1 interfaces.



The results found in this work shows that the length of these termini may directly affect not only AhR PAS-B stability in solution but also may also help to regulate its heterodimerisation and its function. The truncation of the termini directly affected the dynamics of the ligand binding region. The covariance matrices showed a direct relationship between the dynamics of loop 1 and the termini. Therefore, ligand binding to the PAS-B domain, modulated by loop 1 [9], also affects the dimerisation interface to Hsp90. This relationship is shown by how the motions of loop 1 direct covariates with the dimerisation interface. The correlated effect between loop 1 ligand binding and the dimerisation interface can explain how the hsp90–AhR dimerisation is signalled to occur.



The termini’s length also plays a role in applying an entropic force to modulate and stabilise the binding regions. Some studies have shown that free disordered loops affect the dynamics through the means of an entropic force [28]: the existence of a disorder region, regardless of its residual composition. This idea of “entropic rectifier” can be applied to the termini of AhR PAS-B to be one of the two factors which can explain the difference in dynamics for the binding region. As shown by our simulations, the residual fluctuation of loop 1 is lower for the canonical PAS-B model than its counterparts. The higher fluctuation on its termini can balance out the entropic cost for the lower RMSF. This characteristic should also have an opposite effect after the heterodimerisation with Hsp90, because its interconnecting spring between PAS-A and PAS-B would be rigidified, affecting the structural entropy of the molecule [16]. This entropic effect should also modify the internal dynamics of other domain that comprise the AhR, such as the PAS-A domain. As previously discussed in De Souza et al. [9], The AhR PAS-A should be able to bind small molecules, and future research will clarify whether the termini length affects its dynamics and ability to bind small molecules. The second reason for the related motion between this to the areas is the chain of contacts and the cleft formed, which is substantially more extensive on the NC-Trunc model.



AhR PAS-B has been known to be a challenging protein to be studied in vitro. As previously discussed, it requires a dimerisation partner for a longer cytosolic half-life. The modelling of the N and C termini may be used on an approach of generating a rationale for in vitro stabilisation of the AhR PAS-B domain. Our models predicted that truncating the termini may improve the propensity of aggregation. The main beneficial effect comes from the fact that truncating the N-terminus creates a partial cleft that buries the hydrophobic trine located between residues 307–309. Interestingly, the canonical AhR PAS-B has shown a highly exposed hydrophobic patch located in one of the strands of the central β-Sheet. Burying this patch within Hsp90 may be one factor to stabilise dimerisation, not only the polar interactions created with the N-terminal segment, as previous works suggested [15].



From the five PAS-B molecules simulated for 500 ns, AhR and NCOA1 PAS-B domains are the ones with the most mobile regions. Specifically for the NCOA1 PAS-B, the molecular structures used in this work were obtained via solution NMR bound to a STAT6 LXXLL motif [23]. Hence, the loop 1 region from NCOA1 was structured in a different conformation, showing a structured α-loop-α conformation compared to a more unstructured loop found on HIF2 based models. Nonetheless, in our apo simulations, residues 280 to 282 on NCOA1 changed from a loop to a short α-helical configuration, which showed a high motion to acquire said conformation to maintain the binding area for STAT6. This motion is different from the one shown in the AhR PAS-B.



The conservation of the “gatekeeper” tyrosine residue through the PAS-B sequences is not required to maintain a stable configuration. The D. Suzukii JHR PAS-B, although highly conserved in its entirety, has the tyrosine replace phenylalanine. However, this mutation did not increase the fluctuations within the loop. The change from an aromatic polar residue to a hydrophobic residue mainly affected which residues will interact with D. Suzukii JHR PAS-B F437 compared to AhR PAS-B Y322. This mutation indicates a change in dimerisation partner and function, enabling a novel mechanism to target the D. Suzukii life cycle.



The motions related to the three cysteines in AhR indicate their importance to the proper function of AhR molecule binding mechanisms. The residues located between CYS300 and CYS316 showed a mechanical transition, which allowed for several conformations sampled with both of these cysteines within a distance to form a disulfide bond. Simulations of the bonded cysteines resulted in higher local mobility for loop 1, which is directly related to the unfolding of the C300–C316 loop. The dynamics of loop 1 on AhR PAS-B domain are directly related to the ligand binding event; therefore, the formation of this disulfide bridge may be relevant for the AhR biological function. Additionally, C333 is located within reach of the previously proposed binding site located within the central cavity of the PAS-B. C333 is unique in comparison to its other four counterparts studied in this work, and covalently targeting this residue may lead to the development of specific AhR PAS-B inhibitors.




5. Conclusions


In conclusion, this work shows how the different characteristics of AhR PAS-B affect its dynamics and how it compares to four other counterparts. The data shown here for AhR indicate that modulating the lengths of the C and N termini may result in favourable conditions for in vitro studies (expression of the recombinant protein for biophysical binding assays and structural biology studies). The termini control also indicates that the entropic effects within this domain might be far from negligible and could lead to a better understanding of the mechanisms which regulate PAS-B heterodimerisation events. The studies of other PAS-B domains over a longer timescale show structural changes which can be crucial for its functions, alongside the redox state, which could couple the oxidation of the cysteines, the intrinsic dynamics, protein stability, and its biological activity. Generating mutants of these cysteine residues may shed light on the role of these residues in ligand binding and protein stability.
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Figure 1. Covariance matrices for all models. (A) AhR PAS-B Canon; (B) AhR PAS-B NC-Trunc; (C) AhR PAS-B C-Trunc; (D) AhR PAS-B N-Trunc; in purple dashed boxes, the loop 1 motif. (E) AhR Canon starting conformation with coloured specific regions, in green the loop 2, in fucsia the loop 1 and in blue the B-Turn. 
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Figure 2. (A) AhR Canon average conformation with the surface, in dashed lines, the region occupied by the tails. (B) AhR NC-Trunc. Dashed lines indicates the clefts obtained by the termini cleavage. (C) Residual root-mean-square-fluctuation for all four models. 
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Figure 3. (A) AhR PAS-B Canon; (B) AhR PAS-B NC-Trunc; (C) AhR PAS-B C-Trunc; (D) AhR PAS-B N-Trunc; the red residues indicate aggregation hotspots. (E) Aggrescan score (Aggrescore) per residue for all four models. The values within parenthesis are the average aggrescore for all residues. 
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Figure 4. (A) Root-mean-square-fluctuation for all five models. (B) AhR PAS-B domain average structure after 500 ns; (C) NCOA1 PAS-B domain average structure after 500 ns. Red, residues with high spatial fluctuation; in blue, residues with a low spatial fluctuation. 
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Figure 5. Principal component decomposition for all five simulated PAS-B domains. (A) Principal component 2D scatter plot for different five different PAS-B models. (B) Porcupine plot of the largest principal component: in grey, the molecular representation of the low extreme of the largest principal component for AhR PAS-B; in purple, the molecular representation for the higher extreme. (C) Principal component pathway: in blue, a representative of conformations projected on low values of the PC; in red, a representative conformation for the high-value projections, with a projection difference of 7 nm between conformations. 
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Figure 6. Molecular interactions of AhR PAS-B Y322 and D. Suzukii JHR F437. (A) AhR PAS-B Y322 interactions in the starting conformation; (B) AhR PAS-B Y322 interactions in the final con-formation; (C) D. Suzukii JHR F437 interactions found on the starting conformation; (D) D. Suzukii JHR F437 interactions found on the final conformation, The size of the circle represents the amount of contact points between the central residue and the respective neighbour. 
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Figure 7. (A) Average conformation of the AhR PAS-B, highlighted is the interatomic distance between C316 Sthiol–C300 Sthiol, with loop 2 shown in orange; (B) C316 Sthiol–C300 Sthiol distances vs. Time for all three replicas; (C) Solvent-accessible surface area (SASA) vs. Time for all three AhR PAS-B replicas. 
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Figure 8. (A) Overlaid average conformations of AhR PAS-B Domain: In red, the disulfide-bonded model with its C300-C316 loop highlight in green; In Blue, the reduced model with its C300-C316 loop highlighted in orange; (B) Number of residues in an α-Helical conformation vs Time for C300-C316 loop. (C) Root mean square fluctuation for both bonded and reduced AhR PAS-B domains. 
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