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Abstract

:

Complete loss-of-function mutations in the PRKN gene are a major cause of early-onset Parkinson’s disease (PD). PRKN encodes the Parkin protein, an E3 ubiquitin ligase that works in conjunction with the ubiquitin kinase PINK1 in a distinct quality control pathway to tag damaged mitochondria for autophagic clearance, i.e., mitophagy. According to previous structural investigations, Parkin protein is typically kept in an inactive conformation via several intramolecular, auto-inhibitory interactions. Here, we performed molecular dynamics simulations (MDS) to provide insights into conformational changes occurring during the de-repression of Parkin and the gain of catalytic activity. We analyzed four different Parkin-activating mutations that are predicted to disrupt certain aspects of its auto-inhibition. All four variants showed greater conformational motions compared to wild-type protein, as well as differences in distances between domain interfaces and solvent-accessible surface area, which are thought to play critical roles as Parkin gains catalytic activity. Our findings reveal that the studied variants exert a notable influence on Parkin activation as they alter the opening of its closed inactive structure, a finding that is supported by recent structure- and cell-based studies. These findings not only helped further characterize the hyperactive variants but overall improved our understanding of Parkin’s catalytic activity and nominated targets within Parkin’s structure for potential therapeutic designs.
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1. Introduction


Parkinson’s disease (PD) is the most prevalent neurodegenerative movement disorder, affecting millions all over the world [1]. The majority of instances of early-onset PD are caused by mutations in the genes PRKN and PINK1 [2,3]. The PRKN gene encodes the protein Parkin, an E3 ubiquitin (Ub) ligase that mediates a mitochondrial quality control pathway. This system is also dependent on the activation of the Ub kinase PINK1 [4,5,6,7]. Upon mitochondrial membrane depolarization, PINK1 is stabilized on damaged organelles and phosphorylates existing Ub molecules at Ser65 [8,9,10]. p-S65-Ub plays a crucial role in the activation and recruitment of auto-inhibited Parkin from the cytosol and is followed by the phosphorylation of Parkin itself at the conserved Ser65 residue in its N-terminal Ub-like (UBL) domain [11,12,13]. Once fully activated, Parkin labels multiple mitochondrial proteins with additional Ub moieties, which are then further phosphorylated by PINK1 in a positive feedback loop. The decoration of mitochondria with p-S65-Ub by the concerted actions of PINK1 and Parkin is thought to facilitate their selective degradation via the autophagy–lysosome system (termed mitophagy) [14].



Structural investigations have revealed fundamental information regarding Parkin activation at the molecular level. Parkin is a member of the RING-in-Between-RING (RBR) family of E3 Ub ligases [15]. It transfers Ub to a substrate from an E2 Ub-conjugating enzyme by forming a thioester intermediate on a reactive cysteine (Parkin C431) in the RING2 catalytic domain. Notably, Parkin is auto-inhibited in the basal, unstimulated state, according to structural and biochemical analysis [16,17,18,19,20]. However, it has been postulated that the activation of Parkin’s enzymatic functions and its mitochondrial translocation are linked [5,7,21,22,23].



In Parkin’s auto-inhibited state, the E2 binding site on RING1 is blocked by the UBL domain and the Repressor Element of Parkin (REP), and the catalytic center C431 is trapped at the interface of RING0 and is, thus, too far from the E2~Ub conjugate for effective transfer. For the activation of Ub ligase activity, both C431 and the E2 binding site must become accessible. Following the activation of PINK1, upon binding to p-S65-Ub, the UBL domain is freed from RING1, itself becoming available for phosphorylation at S65 by PINK1 [7,24,25,26,27]. Phospho-UBL and the ACT (activating) element subsequently attach to RING0, resulting in disruption of the RING2-RING0 interface and releasing the catalytic center C431, coinciding with the release of the REP from RING1, allowing for E2~Ub binding and ubiquitination of outer mitochondrial membrane proteins [28,29,30,31].



According to the findings of the investigations conducted in vitro, interdomain interactions are what keep Parkin in an auto-inhibited state. Indeed, mutations of residues located at inhibitory interfaces, such as F146 in RING0 or W403 in the REP, result in a dramatic increase in the E3 Ub ligase activity of Parkin and its mitochondrial recruitment [32]. Furthermore, these synthetic mutations, such as F146A and W403A, can rescue S65A or ΔUBL Parkin mutations in ubiquitylation and mitophagy assays [25,33,34,35]. The resulting de-repression of Parkin is even able to rescue seven PD-associated Parkin missense mutations [36]. These mutations affect Parkin activity through a variety of different mechanisms. However, the N273K mutation in RING1, which is responsible for the repulsion of the UBL domain, speeds up the recruitment of Parkin to mitochondria but does not rescue the S65A mutation with regards to Parkin recruitment or substrate ubiquitylation [35]. Counterintuitively, strongly activating mutations may cause rapid Parkin turnover via auto-ubiquitylation due to constitutive activity in the cytosol. Such self-regulation is known for many activated E3 Ub ligases [37] and is further, although indirectly, supported by a noticeable increase in Parkin protein in the absence of the activating kinase PINK1 [38]. As such, the overactivation of Parkin may ultimately lower the protein’s steady-state levels in cells and consequently lower its actual cellular activity toward mitochondrial substrates. Therefore, such mutations have the potential to adjust Parkin’s activity and stability to varying degrees. As a result, a systematic and complete evaluation of activating mutations is essential. Recent findings regarding the structural, biochemical (thermal stability), and functional assays on mutations V393D, A401D, and W403A rescuing a Parkin S65A mutant demonstrate that the destabilization of the RING0:RING2 or REP:RING1 interfaces would promote alterations in activity of the enzyme that may be beneficial [39].




2. Materials and Methods


2.1. Model Construction


Since no complete experimental structure for human Parkin exists, gaps in the structures were completed using the sequence UniProt accession #O60260. The final model consists of residues 1–465 of human Parkin, with eight zincs bound. The final model was generated using homology modeling with YASARA [40], in a similar manner as described in our previous study [21]. After the construction of the original model, variants were generated by the mutagenesis wizard in PyMOL. We compared our homology model to the model predicted by AlphaFold; despite being a newer algorithm, we believe it resulted in an inferior model, with some commentary given in the discussion section.




2.2. Molecular Dynamics Simulations


We conducted identical all-atom unbiased molecular dynamics simulations (MDS) on wild-type (WT) Parkin and several published variants known to promote Parkin activation (Y143E, V393D, A401D, and W403A) [39]. MDS were carried out using techniques (e.g., YASARA, Amber) [40], which have been previously described [41,42]. We compared our results against other simulators for any defects, which included brief NAMD2 and Desmond relaxation runs. These simulations were performed to investigate the impact of the variants on the conformational dynamics of Parkin and determine the mechanistic etiology of hyperactivity. In brief, each Parkin variant was subjected to energy minimization with relaxed restraints using the steepest descent Polak-Ribiere conjugate gradient method [43]. The simulation box was constructed 18 Å from the nearest protein atom and then filled with TIP3P waters at 0.997 g/L, Na+/Cl- at 150 mM, 310 K, 1 bar, pH 7.4, while using an Amber force field within YASARA with long-range Coulombic forces that were calculated using Particle-Mesh-Ewald periodic boundary conditions at a cutoff of 7.86 Å. The final system sizes were approximately 207,000 atoms, of which 200,000 atoms were explicit waters. The NPT thermodynamic ensemble was utilized for analytical simulations; the temperature was maintained by a Berendsen weak coupling thermostat [44]. The pressure was maintained by the Parrinello–Rahman Barostat algorithm [45]. The simulation timestep was 2.5 fs. Following relaxation and equilibration, simulations were carried out for the purpose of analysis. Combined simulations completed a total of over 2 microseconds across all variants.




2.3. Analyses of Simulation Data


MDTraj was used to perform an assessment of the root mean square deviation (RMSD) and root mean square fluctuation (RMSF) calculations [46]. The nearest-neighbor function of MDTraj was utilized to calculate any residue that is located within 5 Å from the RING1 binding site. MDTraj employs the Shrake–Rupley algorithm to calculate the solvent-accessible surface area (SASA) of individual residues within the Parkin protein. Visual Molecular Dynamics (VMD) was employed for the purpose of computing the center-of-mass distance between distinct domains [47]. PyMOL and BioLuminate were used for visualization and structure comparisons [48,49].



Overall, these molecular dynamics modeling techniques, methods, analyses and the development of these tools have been described in the literature [50,51,52,53,54].





3. Results


In this study, we have incorporated mutations V393D, A401D, and W403A on the REP domain, as well as the Y143E mutation on RING0, and evaluated their effects on Parkin’s activity by analyzing conformational changes between different domains in comparison to WT Parkin using a recognized extended molecular dynamics simulation.



3.1. Stability and Flexibility (RMSD and RMSF)


Parkin is composed of several distinct domains including UBL, LNK, ACT, RING0, RING1, IBR, REP, and RING2 domains, and these domains must undergo conformational changes that open up its structure and allow access to its catalytic site, C431 [29]. The domain map of Parkin is given in Figure 1A. Here, we will discuss how conventional molecular dynamics studies (MDS) shed light on the structural dynamics of the different domains of Parkin as a result of different mutations by capturing its early conformational changes, therefore improving our understanding of its activation.



3.1.1. Root Mean Square Fluctuation Analyses Demonstrate Altered Domain Flexibility of Parkin-Activating Mutations


Here we show the corresponding effect of the activating mutation on the fluctuation in the variants versus the wild type along the entire length of Parkin protein as a consequence of the simulation.



RMSF is used to represent how much a particular residue fluctuates during a simulation and can indicate which residues/domains are contributing the most to a molecular motion. Figure 1B displays the RMSF values for the C-alpha atoms of different domains of Parkin. The UBL domain of A401D Parkin shows the highest fluctuation as shown by its RMSF value of 4 Å, compared to the other mutations and WT Parkin. In contrast to both, mutations Y143E, V393D, and W403A show more fluctuation in and adjacent to the linker region but less motion within the RING2 domain, especially in comparison to WT Parkin. Overall, the domains seem to have become more flexible with each of the mutations, except the RING2 domain has undergone a more substantial transformation in WT than the variants.




3.1.2. Root Mean Square Deviation Analyses of ‘Open’ Parkin Structures Suggest an Increased Deviation from the ‘Closed’ (Native) Structure for Each of the Hyperactive Variants


The opening of Parkin is dependent on the structural deviation of its native closed structure. This structural deviation can be thought of as a key regulator of Parkin’s activity. The UBL domain works like a spring and clamp to keep Parkin in its closed shape. Comparisons of the root mean square deviation (RMSD) in atomic positions of the UBL domain revealed there is less deviation observed with the WT UBL structure than with the different mutants (Figure 2A). We can, therefore, infer that the hyperactive mutants have a less robust UBL clamp and are thus suspected to be more freely activatable. We also found that the RMSD of other domains, such as RING0 (Figure 2B), RING1 (Figure 2C), IBR (Figure 2D), and REP (Figure 2E), is significantly larger for mutants compared to WT Parkin. The mutation Y143E causes the most substantial deviation for RING1, with an RMSD of 3.5 Å. Whereas, as shown in Figure 2B, the V393D mutation causes the most deviation in the RING0 domain, while the mutation A401D causes the most significant divergence for the REP and UBL domains. The RMSD values for the REP, UBL, and RING1 domains are also significantly increased by 5.3 Å, 4.19 Å, and 3.31 Å, respectively, with the W403A mutation. The catalytic domain RING2 is also expected to undergo distinct conformational changes during activation [28]. The RMSD values for the RING2 were also calculated for mutant and WT Parkin (Figure 2F). Here, we found there is considerable structural deviation from the native (closed) structure for both WT and variants, but this appears much more pronounced for the activating mutants, converging at 3.5–4.5 Å in comparison to WT, which shows a much more varied set of RMSD values (0.5–6.5 Å).



While not as telling as individual domain RMSD values, the global RMSD changes between different mutations and WT for the entire Parkin protein are also shown in Figure S1, highlighting V393D and A401D as notably more dissimilar from the native structure compared to the two other variants or WT Parkin.



During the 400 nanosecond (ns) simulations, the higher RMSD and RMSF values for each of the mutations demonstrated more pronounced structural changes compared to the WT Parkin structure. Most notably, the highest fluctuation for the RING2 domain is seen with WT Parkin of 5–6 Å (RMSD), in stark contrast to the hyperactive variants which demonstrate much less molecular motion around this domain. This suggests the RING2 domain may play a more important role in the early stages of activation than was previously indicated by static structures, as this region differs when compared to hyperactive variants, which have been previously shown to increase activity in vitro and in vivo.




3.1.3. Dynamical Network Analyses Identify Variant-Specific Changes in Residue Algorithm-Assigned Communities


Given the differences in global dynamical profiles and conformations, we hypothesized that the variants altered local non-bonded interaction connectivity and, thus, kinetic information transmission pathways. We performed dynamical network analysis using the Girvan–Newman algorithm [55] and analyzed network-based statistics [56]. The algorithm defines each residue as a node and draws edges corresponding to non-covalent interactions (e.g., hydrogen bonds) that occur throughout the course of the simulation. Residues are assigned to communities where kinetic energy (i.e., motion) is shared via strong non-covalent connectivity. Kinetic energy and motion within each community can be more easily propagated than motion across multiple communities of the protein. Figure 3 displays how each variant impacts the protein’s dynamical community organization. Each colored region represents a different community within the structural network. WT Parkin’s REP domain has a community that roots itself deep into the core structure of the protein, overlapping with domains RING0 and RING1 (Figure 3). Each variant consistently disrupts this anchoring effect, often splitting the REP domain into multiple communities. This is likely to negatively impact the REP’s ability to relay kinetic information to the protein as a whole. Furthermore, we notice that in most instances (Y143E, V393D, and A401D) we see the community containing the activation (ACT) element (residues 101–109) has a much stronger influence over the REP region. This too could impact the activation process by allowing the ACT domain to more easily relay the kinetic information required to start the activation process. These data suggested interdomain interactions would reveal mechanistic insight into the initiation of activation.





3.2. Interdomain Center-of-Mass (COM-COM) Distances Measure an Increased Gap between the UBL and RING1 in Hyperactive Variants


We measured the center-of-mass distance between the UBL and RING1 domains as a metric to assess how far apart the UBL domain is from the RING1 domain, which is required to loosen the entire structure.



The molecular dynamics simulation data, presented in Figure 4, elucidates the spatial relationship between the UBL and RING1 domains for the different mutations and the wild type. For the W403A mutation, the minimum interdomain COM-COM distance was approximately 29 Å, indicative of a close interaction. The V393D mutation displayed a trend of increasing distance, whereas the A401D mutation showed a significant shift in the COM distance around the 100 ns mark, stabilizing at about 35.5 Å for the remainder of the simulation. The Y143E mutation maintained a relatively stable distance of 33 Å. In comparison, the W403A mutation exhibited the shortest COM distance, and the A401D mutation had the longest, with the order of increasing COM distance being W403A < WT ≈ V393D < Y143E < A401D. It is important to note that the simulation is not intended to capture the complete dissociation of the UBL domain from RING1 but the factors that trigger or frustrate it from starting.




3.3. Release of the REP Region from RING1


A key step in Parkin activation involves engagement with an Ub-charged E2 co-enzyme (E2~Ub). In the absence of PINK1 activation, Parkin is kept in a closed, auto-inhibited conformation. Therefore, to provide room for the structural rearrangements required for the binding of E2~Ub, the REP region first needs to be released from RING1, which involves the disruption of intermolecular interactions between the two. During the simulation (400 ns), we computed the likelihood that any given REP residue would be found less than 5 Å away from the E2 binding site on RING1 to evaluate the stability of the intermolecular interaction between REP and RING1 for each different mutation and WT Parkin.



The distance between REP and RING1 is particularly important because it can indicate the release of the REP region from the E2 binding site in RING1. For this purpose, we calculated the center-of-mass distance between the E2 binding site on RING1 and REP. Our MDS analyses reveal, as shown in Figure 5, that for the WT, the distance between REP and the E2 binding site goes from a minimum of 8.09 Å to a maximum of 12.51 Å. However, this rapid increase is not constant, as it significantly drops back to 9.06 Å and remains around this level for the rest of the simulation (75% of the time in the simulation). Over the first 180 ns of the simulation, the distance between REP and the E2 binding site for the A401D mutation increased from 9.7 Å to a maximum of 12.78 Å and then stabilized at a value of 11.65 Å, a constancy that was maintained throughout the remaining 75% of the total simulation duration. Notably, this distance is consistent 75% of the time at 11.04 Å and 11.36 Å from a minimum of 9.51 Å and 9.70 Å for the Y143E and V393D mutations, respectively. Hence, it is plainly visible that REP dissociates from the E2 binding site for the least amount of time for WT compared to the mutated forms of Parkin, describing an altered interaction between the REP and RING1 in the hyperactive variants, which keeps the site accessible for E2~Ub for longer. Even though our established MDS does not capture the full dissociation of the REP, there is sufficient indication of trends in the corresponding conformational rearrangement that exposes the E2 binding site of RING1 to allow access for an incoming E2~Ub complex to the binding site. These findings will help bridge the gap between Parkin’s static structure and conformational dynamics to better understand its enzymatic functions that result from different mutations.



We can utilize the proximity of the E2 binding site on RING1 with the REP element as a readout for Parkin repression. This is made simpler by looking at the interaction between various residues belonging to the REP with a specific residue of the E2 binding site on RING1 (e.g., T240). The longer these interactions last throughout the simulation, the more frozen the inactive state Parkin is, and we expect this to be the opposite for the hyperactive variants. Using a color key, we colored the REP residue in accordance with their finding at 5 Å from the E2 binding site. Figure 6 and Figure S3 show that for the WT, T240 (E2 binding site) forms a stable interaction with R396 (REP) that lasts throughout the simulation (100% of the time) and indicates a strong binding between them. However, this binding is disrupted, displaying a reduced interaction for V393D (70%) and Y143E (40%) mutations, and it is completely absent for A401D (0%) and W403A (0%) mutations (Figure 6 and Figure S3). The interaction between T240 (E2 binding site) and Y391 (REP) is also highly unstable for A401D (~50%), whereas it is detected consistently for WT (100%) along with W403A (100%) and Y143E (100%). All percentages shown refer to the amount of simulation time. Another notable interaction seen with WT Parkin is the H-bond formed between T240 (E2 binding site on RING1) and D394 (REP) in 95% of the time, which is not found in any of the four proposed mutations and helps further elucidate the structural mechanisms of hyperactivity in each of the variants.



To activate Parkin, as well as releasing REP from RING1, RING0 must be released from RING2 to make the catalytic center C431 accessible. The interaction between RING0 and RING2, and RING0 and RING1 is illustrated in terms of energy in Figures S4 and S5, respectively, for the various mutations (Y143E, V393D, A401D, and W403A), and WT. These activating mutations appear to differentially alter the RING0-RING2 interaction energy. All variants located in the REP region result in an increase in this interaction, the greatest increase seen with V393D. In contrast, Y143E, a mutation that resides within the RING0 domain showed a decrease in this interaction. Notably, all mutations have been previously shown to activate Parkin in vitro (all comparable to W403A) [39].




3.4. Analysis of RING2 Catalytic Residue C431


3.4.1. Solvent-Accessible Surface Area of C431


Hydration of the cavity surrounding C431 indicates the availability to receive Ub [21]. For this purpose, we calculated the solvent-accessible surface area (SASA) of C431 for each of the different mutations and the WT. It is worth mentioning that the RING0 domain covers this catalytic cysteine on the RING2 domain—to make the C431 accessible to solvent, RING0 must be removed. However, our findings did not show any significant changes in the center-of-mass distances between RING0 and RING2, perhaps because this traditional MD simulation could not capture the whole conformational opening. Therefore, this could potentially affect the SASA.



We observe that the Y143E variant’s C431 has the least exposure to the solvent. In contrast, the highest variation in the SASA is with the WT (Figure 7). This alludes to different mechanisms of activation by each of the mutations and potentially describes multiple routes of activation for small molecule activators in the future.




3.4.2. Distance between the E2 Binding Site of RING1 and Parkin C431


In Parkin’s inactive state, the E2 binding site of RING1 and Parkin’s catalytic center are separated by a large distance, preventing Ub transfer to C431. For this purpose, we calculated the center-of-mass distance between the E2 binding site and C431. The distance in WT showed several trends that transitioned in a stepwise fashion; this indicates conformational variability and potentially several discrete states. The W403A mutation shows the overall greatest distance and variance in distance; perhaps it functions through the destabilization of the inactive state.



During our investigation of the conformational dynamics of Parkin, we found that the values for distance, RMSD, and SASA all underwent considerable shifts due to the different mutations, which likely play a substantial role in allowing relaxation of the auto-inhibited nature of the Parkin and, consequently, activation of its E3 Ub ligase capabilities.





3.5. Local Interaction Perturbations of the Parkin Variants


The individual variants discussed accomplish the abovementioned more global and regional changes by first altering local contacts, which then propagate the motions outward to other regions of the protein.



Y143 in WT Parkin fits nicely into a cavity making a cluster of pi-pi or hydrophobic-pi interactions with P132, A134, Y147, P159, P247, and I306. Many of these contacts are disrupted by the substitution for the non-aromatic/non-hydrophobic glutamate. Y143E repels away from many of these and makes intermittent hydrogen bonds with Y147 and/or R140.



V393 in WT Parkin is a hydrophobic residue on a helix that is partially exposed to solvent. It does not appear to make any native contacts. However, substituted for an aspartate, the helix twists in a different direction to expose the charged residue to solvent instead of pointing away; this twist disrupts the REP. The disrupted REP conformation appears to be partially stabilized by the increased propensity for the sidechain of R271 to form a hydrogen bond with R392.



A401 is also a hydrophobic residue on the same partially solvent-exposed helix and, therefore, tries to point toward the core of the protein. The small alanine is able to tuck nicely between RING0 and RING1 and makes hydrophobic interactions with I239 and V258. Substitution with the aspartate causes the charged residue to twist the helix outward for solvent exposure, again disrupting the REP. This disrupted conformation is partially stabilized by a hydrogen bond that occurs intermittently between D401 and the backbone of T237 or the backbone of I239.



W403 in WT Parkin fits well in a cavity at the junction of RING0, RING1, and RING2. It forms a cation-pi interaction with R234, as well as hydrophobic-pi interactions with several residues: A230, I236, V248, V258, and V465. Substitution with the much smaller and non-aromatic alanine disrupts most of these interactions and causes RING0 and RING1 to pull in more closely, pushing away the REP from RING1. The collapse of the cavity formerly occupied by the larger W403 is stabilized by altering the probability of a variety of interactions, such as hydrogen bonds between N232 and I236, V238 and A230 (backbones), R256 and V465, and R234 and A403. Additionally, the percentage of time that other nearby hydrophobic interactions form has been altered: V248 to V258, V250 to V465, and A230 to V250.



Overall, local changes to interactions due to the point substitutions have been observed. More importantly, these local changes propagate to larger-scale motions that deviate from the variants from WT. Since they are each unique substitutions, their local impact is also unique; however, they all disrupt the dynamical behavior of Parkin, and we believe these observed alterations are consistent with the disturbance of the auto-inhibited conformation and, ergo, uncover the initial progression to conformational transition.





4. Discussion and Conclusions


Capturing the full Parkin activation would require inordinately long unbiased simulations or, more likely, as in our previous study, using enhanced sampling techniques. From this prior study, we have determined that disruptions of the inactive conformation of Parkin are an apposite early indicator that activation is initiating. Given that our goal was to uncover the effects of these variants, known via experiments to result in hyperactive Parkin, on the initial stages of activation, the timeframe of our simulation observation is relevant. We chose to examine the initial differences that might lead to facilitated activation in unbiased simulations against variants that have previously been experimentally validated, as this is a computationally understudied mechanism with respect to Parkin.



Due to the popularity of AlphaFold, older modeling methods are consistently called into question. We compared our homology model to the one predicted by AlphaFold and chose to utilize our model. Notably, AlphaFold does not include structural zincs and would require post hoc addition of them; this is not difficult, but our model was complete with these constructed with proper coordination sites. The AlphaFold model also has an entirely unrealistic linker region. While the electron density for the linker region is absent in all X-ray crystal structures, this is indicative of mobility of the domain, rather than a complete lack of any secondary structural features; indeed, the sequence-based annotation of this region predicts that only residues 77–99 are disordered [57]. Perhaps under physiological conditions, the linker develops structural elements while retaining a level of mobility; however, we cannot rule out that the structuring of this region is an artifact of the modeling algorithm to generate a maximally stable model under the given conditions. We believe, in any case, that our observations of differences that might proceed to the initial activation of Parkin via a large-scale global conformation change are still appropriate, given our window of observation.



The most prevalent genetic cause of early-onset PD is represented by loss-of-function mutations in PRKN. The analysis of the Parkin E3 Ub ligase activity and structure thus far has been exemplary in comprehending the different mechanisms by which PD mutations interfere with Parkin activation or function. Our findings indicate that the various activating mutations (Y143E, A401D, V393D, and W403A) present in Parkin have a discernible impact on Parkin structure. This is achieved by inducing a conformational alteration in the inactive closed Parkin, as we observed through the utilization of a molecular dynamics simulation. These results also allude to different mechanisms of activation for each of the hyperactive variants and may prove valuable for subsequent experimental inquiries aiming to find the appropriate level of activation, with the goal of providing therapeutic benefits while still maintaining steady-state Parkin protein levels.
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Figure 1. Domain representation of Parkin. (A) Domain color-coded onto the 3D structure of Parkin. (B) Cα RMSF of Parkin WT and activating variants, with the domain-based residue numbering for context. 
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Figure 2. Domain-based dynamical variation comparisons. Domain-level RMSD of Parkin variants Y143E, V393D, A401D, W403A, and WT: UBL (A), RING0 (B), RING1 (C), IBR (D), REP (E), and RING2 (F). 
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Figure 3. Dynamical network comparisons of Parkin variants. (A) Legend for community colorations, organized by Parkin structural domain. Some domains in some variants belong to more than one community and are given a second color. (B–F) Community maps for Parkin variants. (B) WT, (C) Y143E, (D) V393D, (E) A401D, and (F) W403A. Variant residue indicated with a magenta arrow and C431 indicated with a black arrow. 
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Figure 4. Center-of-mass (COM-COM) distances between the RING1 and UBL domains for different mutations and WT Parkin. 
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Figure 5. Center-of-mass (COM-COM) distances between the RING1 and REP domains for different mutations and WT. 
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Figure 6. Binding interaction between E2 binding site formed with RING1 and REP. Our binding interaction analysis is based on the presence of REP residues that are under a 5 Å distance from the E2 binding site during the 400 ns simulation. The REP backbone is displayed in different colors based on their time occupancy from simulations. This is determined by their relative proximity to the RING1 region, where red represents the 90–100% occupancy and blue represents the 0% occupancy of REP residue. (A) WT region around REP-RING1, similarly shown (B) Y143E mutant, (C) V393D mutant, (D) A401D mutant, and (E) W403A mutant. 
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Figure 7. Dynamical analyses of catalytic C431. Solvent-accessible surface area (SASA) for C431 of the RING2 domain. 
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