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Abstract

:

Dynein motors facilitate the majority of minus-end-directed transport events on microtubules. The dynein adaptor Bicaudal D2 (BicD2) recruits the dynein machinery to several cellular cargo for transport, including Nup358, which facilitates a nuclear positioning pathway that is essential for the differentiation of distinct brain progenitor cells. Previously, we showed that Nup358 forms a “cargo recognition α-helix” upon binding to BicD2; however, the specifics of the BicD2-Nup358 interface are still not well understood. Here, we used AlphaFold2, complemented by two additional docking programs (HADDOCK and ClusPro) as well as mutagenesis, to show that the Nup358 cargo-recognition α-helix binds to BicD2 between residues 747 and 774 in an anti-parallel manner, forming a helical bundle. We identified two intermolecular salt bridges that are important to stabilize the interface. In addition, we uncovered a secondary interface mediated by an intrinsically disordered region of Nup358 that is directly N-terminal to the cargo-recognition α-helix and binds to BicD2 between residues 774 and 800. This is the same BicD2 domain that binds to the competing cargo adapter Rab6, which is important for the transport of Golgi-derived and secretory vesicles. Our results establish a structural basis for cargo recognition and selection by the dynein adapter BicD2, which facilitates transport pathways that are important for brain development.
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1. Introduction


Cytoplasmic dynein is the predominant motor responsible for the majority of minus-end-directed traffic on microtubules. Dynein adaptors such as Bicaudal D2 (BicD2) play key roles in the activation and fine-tuning of dynein motility. They recognize cargoes and link them to dynein motors, making them key regulators of cellular transport pathways (Figure 1) [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. The dynein adapter BicD2 recruits dynein to several cellular cargoes, including Nup358 (also called RanBP2) [12], the major component of the cytoplasmic filaments of the nuclear pore complex [16], which is embedded in the nuclear envelope. This Nup358/BicD2 pathway for positioning of the cell nucleus is important for initial stages of mitotic spindle assembly in all cells. Furthermore, this pathway is essential for brain development and differentiation of the majority of neurons and glia cells of the neocortex. This is due to the fact that this pathway facilitates apical nuclear migration in radial glial progenitor cells, a nuclear positioning process during brain development that is essential for these brain progenitor cells to enter mitosis and to differentiate [2,9]. BicD2 also recruits dynein to Rab6, a GTPase that is a key regulator of protein secretion and important for the transport of Golgi-derived and secretory vesicles [17,18,19] and to the LINC (linker of nucleoskeleton and cytoskeleton) complex component Nesprin-2, which facilitates a nuclear positioning pathway that is important for neuronal migration of post-mitotic neurons during brain development (Figure 1) [7,20].



The importance of these BicD2-dependent transport pathways is underscored by the fact that mutations of BicD2 cause brain and neuromuscular developmental diseases, including a subset of cases of spinal muscular atrophy, which is the most common genetic cause of death in infants [21,22,23,24,25]. Several of the BicD2 disease mutations cause defects in cargo selection, including increased or decreased affinity to Nup358 and/or Nesprin-2, and/or Rab6, which is associated with defects in apical nuclear migration, neuronal migration, and Golgi morphology [20,21,22]; however, a structural model of a BicD2/cargo complex, which could provide insights into the distinct disease mechanisms of these mutations, is not available.



BicD2 has three predicted coiled coils (CC1–CC3). Cargo binds to the C-terminal CC3 [26] and structures of the cargo-binding domain have been determined (Figure 1) [27,28,29]. In the absence of cargo, BicD2 is autoinhibited, as the N-terminal dynein-binding site is occluded by the C-terminal cargo-binding domain, forming a looped, closed conformation [27,28,29,30,31]. Binding of cargo results in an open conformation, making BicD2 accessible for dynein binding. Activation of BicD2 is a key step in regulating dynein motility because it is required to activate dynein for processive motility [32,33,34,35]. The stoichiometry of dynein, adaptors, and cargoes in motor complexes is also important for regulation of motility. BicD2 forms dimers and complexes Nup358 with 2:2 stoichiometry [36]. In addition, BicD2 and other dynein adapters also can regulate motility by linking either one or two dynein dimers to cargoes [37]. Surprisingly, it has also been recently established that either one or two dynein adapter dimers such as BicD2 can be recruited to dynein, creating another level of regulation by altering the stoichiometry [38]. Another recurrent theme is the association of dynein with opposite polarity motors such as the plus-end-directed microtubule motor kinesin-1, which binds to the CC2 of BicD2 and to Nup358 and fine tunes overall motility for the Nup358/BicD2 transport pathway [12,18]. The same domain of Nup358 that binds to BicD2 (Nup358-min) also has a LEWD sequence motif, which acts as a binding site for kinesin-1 [12,13,39,40,41]. The LEWD motif is close to the BicD2/dynein-binding site (~30 residues away) but does not overlap with it [42]. Thus, adapter proteins such as BicD2 and Nup358 have key roles in modulating motility, but the underlying mechanism is not well understood since a structure of a BicD2/cargo complex is currently not available.



Previously, we were able to show that Nup358-min, which is the minimal domain that binds both BicD2 and kinesin-1, undergoes a partial transition from a random coil to an α-helix upon binding to BicD2-CTD [42]. Mutations in this Nup358 α-helix mutations result in impaired motility of assembled dynein/dynactin/BicD2/Nup358 complexes, highlighting the important role of the cargo-recognition α-helix and its interactions with BicD2 in activation of dynein for processive motility [42]. Open questions remained regarding the binding region of BicD2 and the details of the Nup358-min/BicD2-CTD interface. The structure of a BicD2/cargo complex is important to provide insights into how these interactions regulate dynein and kinesin-1 motility.



With the recent development of AlphaFold2 [43,44], we have the advantage of using a highly accurate protein structure prediction package to give us insight into the likely binding sites on both sides of the Nup358/BicD2 interaction, which is in line with our prior results. We also validated the structural model by mutagenesis and other docking packages [45,46,47,48]. Our data predict that the Nup358 cargo-recognition α-helix binds in antiparallel orientation to the center of the BicD2-CTD (residues 747–772), and two salt bridges play crucial roles in the interaction. We also identified a second, weaker interface between the N-terminal intrinsically disordered residues of Nup358-min (2148–2158) and the C-terminal BicD2 region (residues 773–804). This region of Nup358 binds to the same site on BicD2 as Rab6, explaining the previous observation that Rab6 and Nup358 compete for binding to BicD2 [36].




2. Materials and Methods


2.1. GST Pulldown Assays


All expression constructs and point mutants were created by a cloning service and codon optimized for expression in E. coli (Genscript, Piscataway, NJ, USA).



The expression constructs for His6-tagged human BicD2-CTD (residues 715–804, NCBI database entry NM_029791.4), and GST-tagged human Nup358-min (residues 2148–2240, NCBI database entry XM_005264002.2) were previously described [28,42]. Human Rab6a/Q72L (NCBI BC096818.1) was cloned into the pGEX6P1 vector with the BamHI and XhoI restriction sites, which resulted in the expression of a GST-fusion protein. The Q72L mutation locks it in the GTP-bound state, rendering it GTPase-deficient [17]. We refer to Rab6a/Q72L as Rab6GTP throughout the text.



Rab6GTP, Nup358-min, and BicD2-CTD were expressed in the E. coli BL20(DE3)-RIL strain at 37 °C as previously described [49]. GST-pull down assays of GST-tagged Nup358-min, GST-tagged Rab6GTP, and His6-tagged BicD2-CTD were performed as described [42]. For the GST-pulldown, Hs BicD2 CTD WT and mutants were purified as described by a single affinity chromatography step from 1 L of cell culture. Nup358-GST constructs (aa 2148–2240 (Nup358-min), aa 2148–2188 and aa 2148–2199) and Rab6GTP were purified from 0.5 L of cell culture by glutathione sepharose, but not eluted, and washed. For Rab6, 1 mM GTP and 2 mM MgCl2 were added and incubated for 30 min. Purified BicD2-CTD was added to the column with the bound Nup358 fragments or Rab6 and incubated for 30 min. Columns were washed and eluted with glutathione elution buffer as described [42]. The elution fractions were analyzed by SDS-PAGE (16% acrylamide gels) and stained with Coomassie blue.



Protein concentrations were determined by spectrophotometry using the peptide bond method. The gel band intensities were quantified using Image J 1.52v as described [20,42,50]. For quantifying the ratio of Nup358 fragments (residues 2148–2240, 2148–2188, 2148–2199) bound to BicD2-CTD from pulldowns, Nup358-min and BicD2-CTD intensities were converted to the protein concentration (mg/mL) using a band of 2 µg of each Nup358 fragment on the same gel as the standard. The concentrations were divided by the molar masses of the fragments to convert them to molar concentrations. Statistical analysis was conducted with the PRISM 9 program (Graphpad, Boston, MA, USA).




2.2. AlphaFold2


For AlphaFold2 [43,44], we used the multimer mode in AlphaFold2 Colab (https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb), accessed on 12 December 2022 and predicted a complex with two molecules of BicD2-CTD and two molecules of Nup358-min. It had been previously shown that BicD2-CTD and Nup358-min form a 2:2 complex [36].



To generate additional structural models, we also used ColabFold [51]. This Colab notebook was accessed with the following link: https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb on 1 August 2023. The results from the ColabFold run are shown in Figure S1 in the supporting information.




2.3. ClusPro


For ClusPro [45,46,52,53], we used the coordinates of the X-ray structure of the human BicD2-CTD dimer at 2.0 Angstrom resolution (PDB ID 6OFP, https://doi.org/10.2210/pdb6OFP/pdb [28]), and then we added one Nup358 entity, reduced to the minimal helical portion (from R2162 to L2184) [42]. A new run was performed with the extended helical region determined from AlphaFold2 (T2160 to N2186). The highest scoring model from ClusPro was then analyzed in MOE (Molecular Operating Environment (MOE), 2022.02 Chemical Computing Group ULC, 910-1010 Sherbrooke St. W., Montreal, QC H3A 2R7, Canada, 2023), and this was then compared to the model from AlphaFold2.




2.4. HADDOCK


For HADDOCK [47,48,54], the strategy was similar to the ClusPro strategy. Thus, we used the coordinates of the X-ray structure of the human BicD2-CTD dimer at 2.0 Angstrom resolution (PDB ID 6OFP, https://doi.org/10.2210/pdb6OFP/pdb) [28] and then we added one Nup358 entity, reduced to the minimal helical portion (R2162 to L2184) [42]. However, unlike AlphaFold2, which only uses the sequence information, and ClusPro, which only uses the PDB information, HADDOCK requires some a priori docking sites to be entered. While we have enough experimental data to correctly identify the Nup358 docking sites, the BicD2 side remained significantly underdetermined, which means we could not only use mutagenesis results to input the BicD2 docking sites from HADDOCK. Therefore, the sites with the salt bridges or hydrogen bonds were selected based on the AlphaFold2 results, while the remaining sites were set as neither active nor passive sites.




2.5. Alignment of Computational Results


The results from HADDOCK and ClusPro were aligned against the results from AlphaFold2 using MOE [54]. Using only one strand of BicD2 and one strand of Nup358, the residues D755, E756, D762, and E763 in BicD2 were aligned in all cases. Overall measurements of RMSD were determined from the superposition of both protein strands.





3. Results


We obtained a structural model for the 2:2 Nup358-min/BicD2-CTD complex from AlphaFold2, which includes the minimal Nup358 domain that binds both kinesin-1 and BicD2 (Nup358-min, residues 2148–2240) and the minimal cargo-binding domain of BicD2 (BicD2-CTD, residues 715–804) (Figure 2).



The structure is composed of a high confidence interface region between α-helical BicD2 and the cargo-recognition α-helix of Nup358, a high confidence non-binding region of BicD2, a low confidence interface region of the N-terminal intrinsically disordered Nup358-min domain immediately adjacent to the cargo-recognition α-helix, and a low-confidence non-binding region that is intrinsically disordered in Nup358. The overall confidence results from AlphaFold2 are shown in Figure 3. The per-residue local distance difference test (pLDDT) score of the BicD2-CTD and the Nup358 cargo-recognition α-helix that interacts with it is between 80–96% (with exception of a few residues at the N- and C-termini), indicating a high confidence in the structure prediction. The pLDDT score of the N-terminal intrinsically disordered Nup358-min region that forms the second interacting site is 30–40%, thus the confidence is low compared to the rest of the complex. The predicted aligned error (PAE), which assesses the confidence in the respective placement of the interaction partners, is for the BicD2-CTD and the Nup358 cargo-recognition α-helix between 0 and 15 Å, which indicates confidence in the prediction. The PAE score for the intrinsically disordered Nup358 region that forms the second interacting site is 20–30 Å, suggesting a lower confidence in that portion of the model. We also performed Alphafold2 predictions with larger domains of Nup358 and BicD2, including the intact CC3 of BicD2. The predicted Nup358-min/BicD2-CTD interface of the larger complex was very similar to the minimal complex shown in Figure 1, however, the additional regions of the larger complex had low confidence scores (Figure S2), which is why we focused on the minimal complex.



The focus of this manuscript is on the high-confidence α-helical interface region of Nup358-min that interacts with BicD2-CTD (Figure 2 and Figure 3). In addition, we include the adjacent intrinsically disordered region of Nup358 that also is predicted to bind to BicD2 but has a lower confidence score, as it is supported by NMR and mutagenesis. The interaction of the cargo-recognition α-helix of Nup358 as well as of the intrinsically disordered N-terminal part of Nup358-min with BicD2 is supported by our published NMR titration results of 15N-labeled Nup358-min with BicD2-CTD [42]. Intriguingly, the heights of the peaks corresponding to the Nup358 cargo-recognition α-helix, as well as the adjacent N-terminal intrinsically disordered Nup358 residues 2148–2158, which are predicted to bind to BicD2 in the Alphafold2 model, were significantly reduced in the HSQC spectrum of the Nup358/BicD2 complex compared to the apo state, indicating that this region was important for the interaction between Nup358-min and BicD2-CTD [42]. Figure 2 shows the interface region of the predicted Nup358-min/BicD2-CTD complex. For Nup358-min, this encompasses the 27-residue α-helical region from aa 2160–2186, as well as the immediately preceding 12 residues from aa 2149 to 2159 (Table S1). For BicD2, this interface region is shown to encompass the α-helical region from aa 739 to 797 (Table S1). It should be noted that the two proteins interact in an anti-parallel manner. While the specific interacting residues from Nup358 agree with our prior publication [42], the information involving the BicD2 interacting residues is new.



3.1. The C-Terminal Residues 2189–2240 of Nup358-min Do Not Engage in the Interaction with the BicD2-CTD


We have previously published NMR titration results of 15N labeled Nup358-min which was titrated with the BicD2-CTD [42]. For the Nup358-min region that is C-terminal of the cargo-recognition α-helix (aa 2192–2240), no significant changes of the peak height are observed between the HSQCs of apo Nup358-min and the Nup358-min/BicD2-CTD complex, indicating that this region does not engage in the interaction. To confirm this, we assessed the interaction by pull-down assays of GST-tagged Nup358-min (aa 2148–2240) and two C-terminal truncation fragments (aa 2148–2188 and aa 2148–2199) with BicD2-CTD. For all three Nup358 fragments, similar molar ratios of the BicD2-CTD were coeluted (Figure 4). These results confirm that residues aa 2189–2240 of Nup358 do not engage in the interaction with the BicD2-CTD. It should be noted that this region contains the LEWD amino acid motif that acts as kinesin-1 recruitment site [39].




3.2. The Interface between the Cargo-recognition α-Helix of Nup358 and the BicD2-CTD


CEST NMR results from our prior publication suggested that the α-helical binding region of Nup358-min consisted of 23 residues from R2162 to L2184 [42]. However, the data were ambiguous for D2159, T2160, and G2161 towards the N-terminus and T2185 and N2186 towards the C-terminus. The results from AlphaFold2 suggest that T2160, G2161, T2185, and N2186 are part of the α-helix, which is consistent with the previous results, but fills in knowledge gaps. The combined results of the prior publication and the α-helical region of Nup-358 based on the AlphaFold2 model are shown in Figure 5. Table 1 shows a comparison of the Nup358 results from AlphaFold2 to the NMR titration and CEST NMR results from our prior publication [42].



In terms of the Nup358 residues that bind BicD2 according to AlphaFold2, we found similar results compared to our prior publication [42]. The following residues were previously noted as interacting residues: L2166, I2167, R2169, E2171, M2173, K2174, L2177, F2180, K2181, and L2184. All ten of them are also at the interface in the AlphaFold2 model (Table S1 and Figure 5B).



Based on the AlphaFold2 model, two important salt bridges were identified—these are the salt bridges between Nup358 residue K2174 and BicD2 residue D762, as well as between Nup358 residue K2181 and BicD2 residue D755. We tested the importance of these two salt bridges using mutagenesis (Figure 6A). BicD2 residues D755 and D762 were mutated to alanine, and binding of the mutants to GST-tagged Nup358-min was assessed by pull-down assays. Binding is strongly reduced for both mutants (see quantification in Figure 6B), which agrees with the models obtained from AlphaFold2 and docking programs, supporting the idea that these form a salt bridge. Our prior results in Gibson et al. [42] also showed that K2174A and K2181A mutations in Nup358 greatly reduce BicD2 binding. Here, in Figure 6, we show that D755A and D762K greatly reduce BicD2 binding in pulldown assays, while a lesser effect was observed for E756A or E763A (see quantification in Figure 6B). Thus, the new mutagenesis data for BicD2 residues D755 and D762 support the two critical salt bridges observed from AlphaFold2, ClusPro, and HADDOCK.



To further validate the model, we used two rigid-body docking programs, HADDOCK [47,48] and ClusPro [45,46,52,53], to model the structure of the Nup358-min/BicD2-CTD complex. Note that AlphaFold2 used the entire Nup358-min and BicD2-CTD sequence, while ClusPro and HADDOCK used rigid-body models that only included the helical section of Nup358-min together with the X-ray structure of the BicD2-CTD [28]. The resulting models of the complex from HADDOCK and ClusPro replicate many of the key interactions predicted using AlphaFold2. In particular, the highest scoring ClusPro and HADDOCK models also included the salt bridges formed by residue K2181 and D755 and by residues K2174 and D762, which are explicitly shown in Figure 7. Overall, the two programs place the Nup358 domain in very similar locations of BicD2, with only a little bit of variability towards the termini of the Nup358 α-helix. Figure 7 shows the overlay of a single molecule of BicD2 and a single molecule of Nup358-min from AlphaFold2 with the leading ClusPro and HADDOCK models. After alignment, an overall RMSD was calculated for the Nup358-min and BicD2-CTD. The RMSD values were between 0.3 and 1.1 Å and are shown in Table 2. For more information on the scoring of the ClusPro and the HADDOCK models, please see the supplementary information.



While the α-helical region of Nup358, which is shown to bind to BicD2 in all three docking programs, contains several salt bridges and hydrogen bonds, AlphaFold2 suggests that hydrophobic interactions may be an important component in the extended portion of Nup358-min toward the N-terminus.



We conclude that the programs Alphafold2, HADDOCK, and ClusPro predict almost identical structures to those of RMSD of less than 1.2 Å for the Nup358-min/BicD2-CTD complex. Salt bridges formed between BicD2 residue D755 and Nup358 residue K2181 and between BicD2 residue D762 and Nup358 residue K2174 are important to stabilize the interface and are predicted by all three programs. For a list of all interacting residues based on AlphaFold2, please see the supporting information.




3.3. A Second Interface Was Identified between Intrinsically Disordered Residues 2149–2159 of Nup358 and the C-Terminal Region of the BicD2-CTD


Intriguingly, we identified a second interface in the Alphafold2 model of the Nup358/BicD2 complex in addition to the one formed by the Nup358 cargo-recognition α-helix. This interface is formed by the intrinsically disordered residues 2149–2159 of Nup358 which are the N-terminal of the cargo-recognition α-helix. These residues interact with the extreme C-terminal domain of the BicD2-CTD (Figure 8).



This is in line with previously published NMR titration results of 15N-labeled Nup358-min, which was titrated with BicD2-CTD [42]. Intriguingly, the heights of the peaks corresponding to Nup358 residues 2149–2159 were significantly reduced in the HSQC spectrum of the Nup358/BicD2 complex compared to the apo state, indicating that this region was important for the interaction between Nup358-min and BicD2-CTD. While no CEST-positive residues were identified in this region, there were several residues in this region that could not be assessed by CEST.



Based on the Alphafold2 model, we designed mutants of BicD2-CTD that interacted with residues 2149–2159 of Nup358 and evaluated the interaction of these mutants with GST-tagged Nup358-min by pulldown assays (Figure 8). The ratio of coeluted BicD2-CTD to Nup358-min was quantified. BicD2-CTD mutants E774A, I786A, Q788A, K789A, and E797C diminished binding to Nup358, while the mutant R783A did not diminish the interaction. These results confirm that the intrinsically disordered residues 2148–2158 of Nup358, which are N-terminal to the cargo-recognition α-helix of Nup358, are important for the interaction with BicD2-CTD. These residues interact with the C-terminal region of the BicD2-CTD while the cargo-recognition α-helix binds in the center of the BicD2-CTD. These results also support an anti-parallel configuration of the Nup358-min/BicD2-CTD complex.




3.4. BicD2 Residues 745–763 Bind to Nup358 but Not to Rab6


BicD2 recognizes multiple cargoes, including Rab6GTP which is a key regulator for protein secretion and important for the transport of Golgi-derived and secretory vesicles [17,18,19]. The binding site of Rab6GTP has been previously mapped to residues 755–802 of BicD2-CTD, while the minimal region required for Nup358 binding was mapped to a larger area that included residues 724–802 [27,29]. We also previously established that the Rab6GTP-interacting domain on BicD2 is located in an area that is not expected to undergo coiled-coil registry shifts, whereas the Nup358-binding domain is located in an area that is expected to undergo coiled-coil registry shifts. Interestingly, the registry-locked F743I/R747C mutation, a combination of two mutants that caused coiled-coil registry shifts in MD simulations [28,49], displayed normal binding to Rab6GTP, while binding to Nup358-min was greatly reduced [49]. Based on these results, we proposed that a registry shift in BicD2-CTD could result in changes of cargo selectivity.



In the AlphaFold2 model of the Nup358-min/BicD2-CTD complex, the cargo-recognition α-helix of Nup358 binds to residues 747–774 of BicD2-CTD. We mutated several of these residues of BicD2-CTD and performed pull-down assays with GST-tagged Nup358-min to assess the interaction and to confirm that these residues are important for the interaction with Nup358 but do not engage in an interaction with Rab6GTP. Notably, the BicD2-CTD mutants C745S, F750I, D755A, E756A, and D762A diminished binding to Nup358-min compared to the WT, but none of these mutants had a detectable effect on the interaction towards Rab6GTP (Figure 9). These results confirm that the cargo interaction α-helix of Nup358-min indeed binds in the center of BicD2-CTD. This region of BicD2-CTD is expected to be remodeled by coiled-coil registry shift, which are a vertical displacement of the α-helices of the coiled coil by one helical turn. The identified BicD2 residues are specific for the interaction with Nup358-min and do not engage in the interaction with Rab6GTP. This is in line with our previous mutagenesis analysis of the Nup358 cargo-recognition α-helix. In this study, we mutated every residue of the Nup358 α-helix to alanine and assessed binding to BicD2-CTD by pull-down assays. Eleven interface residues were identified, confirming the interaction of the Nup358 cargo-recognition α-helix with BicD2 as the core interface of the complex. We conclude that the binding sites for Nup358-min and Rab6GTP on BicD2-CTD are overlapping (BicD2 774–800 binds both Nup358 and Rab6) but distinct (BicD2 745–763 only binds Nup358).





4. Discussion


Interactions between the dynein adapter BicD2 and its cargo Nup358 are important to activate and fine tune dynein motility for a nuclear positioning pathway that is essential for brain development [9]. Currently, a structure of a BicD2/cargo complex is not available, and therefore it is poorly understood how BicD2/Nup358 complexes modulate dynein motility. Here we propose a model for the Nup358/BicD2 complex based on structure prediction, docking, NMR results, and mutagenesis. Based on our results, Nup358 and BicD2 are oriented in the complex in an anti-parallel manner. The main stabilizing interaction of the complex is formed by the cargo-recognition α-helix of Nup358 [42], which binds to the center of the BicD2-CTD. We also identified a second interface between the intrinsically disordered N-terminal residues of Nup358-min which interact with the C-terminal ~50 residues of the BicD2-CTD. These ~50 C-terminal residues also bind to Rab6GTP, explaining why Rab6 competes with Nup358 for binding to BicD2 [27,29,36]. Our model provides a structural basis for the Nup358/BicD2 complex and will inform experiments that will establish how this interaction activates and finetunes dynein motility.



Our results provide new insights into the cargo-recognition mechanism of BicD2. As previously established, the core of the Nup358/BicD2 interface is formed by the Nup358 cargo-recognition α-helix [42]. Here we show that this α-helix interacts with the central region of the BicD2-CTD, forming a helical bundle. Our structural model from Alphafold2 has a low predicted alignment error, suggesting a high confidence in the orientation of Nup358 respective to BicD2 in the model. The model is also supported by our NMR results and mutagenesis experiments. Our previous results showed that the interaction of the Nup358 cargo-recognition helix with the BicD2-CTD is an important modulator of dynein motility [42]. Mutations of the cargo-recognition α-helix reduced the formation of motile dynein/dynactin/BicD2/Nup358-min complexes on microtubules in single-molecule processivity assays and resulted in significantly reduced speed and run length of the reconstituted motor complexes [42]. This is not surprising since BicD2/cargo complexes are required for activation of dynein for processive motility; however, the underlying activation mechanism remains elusive. Future experiments will characterize cargo-induced structural changes in BicD2 that result in activation of dynein for processive motility. More specifically, we plan to test the hypothesis that the binding of Nup358 causes a coiled-coil registry shift in the BicD2-CTD (i.e., a vertical displacement of the α-helices against each other by ~one helical turn). Such registry shift would remodel the surface of the BicD2-CTD, thereby weakening the interaction with the N-terminal dynein-binding domain, activating BicD2 for dynein recruitment [28,29,42].



We also identified a second, weaker interacting domain that is formed by ten intrinsically disordered residues of Nup358 that are N-terminal of the cargo-recognition α-helix. This domain interacts with the C-terminal ~50 residues of the BicD2-CTD. While the Alphafold2 model itself has a higher PAE error for this region, our structural model of the Nup358/BicD2 complex is supported by mutagenesis and the NMR titration data which show that the ten N-terminal residues of Nup358-min interact with the BicD2-CTD. Therefore, the established contact regions between Nup358 and BicD2 are expected to be reliable, whereas some molecular details of the model for the N-terminal interaction domain may not be fully accurate. While this domain only contributes weakly to the overall Nup358/BicD2 interaction, it explains several previously made biological observations. It was previously shown that Rab6GTP, Nesprin-2, and Nup358 compete for binding to BicD2-CTD, and cannot bind at the same time [20,36]. The minimal domain of BicD2 required for binding of Nesprin-2 and Rab6GTP is located in the C-terminal ~50 residues of the BicD2-CTD [20,27,29]. The cargo-recognition α-helix does not bind to this BicD2 region, so the second N-terminal interaction domain of Nup358 explains why it cannot bind to BicD2 at the same time as Rab6 and Nesprin-2 [20,36]. Furthermore, Nup358 has a 20-fold higher affinity to BicD2-CTD compared to Rab6GTP, which is in line with a larger interaction domain [36].



Nup358 is present in five copies per spoke on the cytoplasmic filaments of the nuclear pore. An oligomerization domain promotes an interaction of these five copies, but it is separated from the Nup358-min domain that interacts with BicD2 by long flexible linkers. It is therefore conceivable that the Nup358/BicD2 complex forms by simple association of the components, although the assembly mechanism remains to be established. It furthermore unknown how many motors are required for positioning of the nucleus [36]. There are 40 copies of Nup358 per NPC [55,56,57], and there are 2000 NPCs in G1 phase and 4000 NPCs at the onset of mitosis in human HeLa cells [36,58]. In G2 phase of the cell cycle, prior to entering mitosis, BicD2/dynein is recruited to the nuclear envelope by Nup358 [12]. Kinesin-1 actively positions the nucleus in G2 phase, fine tuning the motility in the Nup358/BicD2/dynein mediated nuclear positioning pathway [12]. This nuclear positioning pathway is regulated by phosphorylation of Nup358 through the G2-phase specific kinase cyclin dependent kinase 1 Cdk1, and potentially also by phosphorylation of BicD2 by Cdk1 and PLK1, which increases the binding affinity of BicD2 to Nup358 [2,59,60].



BicD2 is recruited to Nup358 at the cell nucleus in G2 phase of the cell cycle. Nup358 is phosphorylated by the G2-phase specific kinase cyclin dependent kinase 1 (Cdk1) at multiple sites (residues T2153, S2246, S2251, S2276, and S2280), which strengthens binding to BicD2 [2,59,60]. Four of these sites are the C-terminal of the Nup358-min domain. Some groups have suggested that Nup358 can only bind to full-length BicD2 after it is phosphorylated [59,60], and that phosphorylation of BicD2 by Cdk1 and Plk1 is also required for its recruitment to Nup358 at the nuclear envelope [60]. However, we would like to emphasize that phosphorylation is not required for this interaction. We have previously shown with single molecule binding assays that Nup358-min can bind efficiently to full-length BicD2 in the absence of phosphorylation [42]. However, the affinity of Nup358-min to full-length BicD2 is further increased by adding a C-terminal dimerization domain to Nup358-min, such as a leucine zipper [42]. It is conceivable that phosphorylation of Nup358 by Cdk1 promotes dimerization of Nup358, which would increase the affinity to BicD2. A second possible model is that a third interaction domain is formed between phosphorylated Nup358 residues and a BicD2 region that is N-terminal to the BicD2-CTD, which may increase the overall affinity. It would likely be separate from the Nup358/BicD2 interface characterized here, since our NMR titrations and mutagenesis data show that there are no interactions between Nup358-min and BicD2-CTD in the region that is C-terminal to the cargo-recognition α-helix. It should be noted that we obtained an Alphafold2 structure prediction of a larger complex with the entire coiled-coil 3 of BicD2 and a larger Nup358 domain that includes the Cdk1-phosphorylation sites (Figure S2). While the confidence scores of the added domains are low, interestingly, in the model, a third, separate interaction domain is formed by intrinsically disordered Nup358 residues 2256–2277, which include Cdk1-specific phosphorylation sites and BicD2 residues 690–733 (Figure S2). It is conceivable that such a third interacting domain is important for phospho-regulation of the interaction and future experiments will test this hypothesis.



Interestingly, while the binding sites for Nup358, Rab6, and Nesprin-2 on BicD2 are overlapping, the binding modes of each of these cargoes to BicD2 are slightly different, and therefore it will be important to establish structural models for all of these distinct BicD2/cargo complexes [20,42,49]. Several mutations in the cargo-binding domain of BicD2 cause devastating brain and muscle developmental diseases, including a subset of spinal muscular atrophy, which is the most common genetic cause of death in infants [20] Several of these point mutations affect binding of BicD2 to the cargoes Nup358, Nesprin-2 and Rab6 in a distinct manner, which may be the underlying molecular mechanism of these congenital diseases [20,49]. For example, the R694C mutation in human BicD2 causes a four-fold increase in binding to Nup358 and lowers the amount of Nesprin-2 recruited to BicD2 in cells by competition [20], resulting in defects in neuronal migration, for which the Nesprin-2/BicD2 nuclear positioning pathway is important [7]. The BicD2 mutations E774G and F743I/R747C in human Nup358 each strongly decrease binding to Nup358 and strongly increase binding to Nesprin-2, which resulted in defects in apical nuclear migration of brain progenitor cells, for which the nuclear positioning pathway facilitated by Nup358/BicD2 is essential [20]. Interestingly, the F743I and the R747C mutations both caused coiled-coil registry shifts in BicD2 in molecular dynamics simulations (i.e., a vertical displacement of the α-helices against each other by one helical turn) [28,49]. It is conceivable that some of these human disease mutations cause coiled-coil registry shifts in BicD2-CTD, which remodel its surface and result in changes in its cargo selection [20,28]. Our results suggest that understanding the molecular basis of the distinct BicD2/cargo interactions for each transport pathway is important in understanding the underlying molecular and structural mechanisms of diseases caused by BicD2 mutations.




5. Conclusions


We present here a model of the structure of the Nup358/BicD2 complex, which provides insights into the cargo-recognition mechanism of BicD2. In the complex, the Nup358 cargo-recognition α-helix binds at the center of the BicD2-CTD. A second interaction domain is formed by 10 intrinsically disordered N-terminal residues of Nup358-min and the ~50 C-terminal residues of BicD2-CTD, which binds at the same site as the competing cargo Rab6, explaining why Rab6 and Nup358 cannot bind to BicD2 at the same time. Our structural model will be the basis for future experiments that will provide insights into how BicD2/cargo complexes activate dynein for processive motility and how the Nup358/BicD2 pathway for nuclear positioning is regulated by phosphorylation. It will also provide insights into how human disease mutations of BicD2 result in changes of cargo recognition and selection that may be the underlying structural mechanisms of devastating brain and muscle developmental diseases.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom13101445/s1, Figure S1: AlphaFold2 prediction models from ColabFold; Figure S2: AlphaFold2 prediction of a 2:2 complex of Nup358 (aa 2147–2290) and BicD2 (aa 634–804), which includes the known Cdk1-specific phosphorylation sites of Nup358 and the entire CC3 of BicD2; Table S1: Nup358/BicD2 Interacting Residues from Alphafold2; ClusPro Scoring Explanation; HADDOCK Scoring Explanation; LabeledGels.zip: Full original gel files with labels; ReplicateGels.zip: Replicate gels for quantitative analysis.





Author Contributions


Conceptualization, S.R.S. and C.W.; methodology, J.M.G., X.Z., S.R.S. and C.W.; formal analysis, J.M.G. and X.Z.; investigation, J.M.G. and X.Z.; resources, S.R.S. and C.W.; data curation, J.M.G. and X.Z.; writing—original draft preparation, J.M.G. and X.Z.; writing—review and editing, S.R.S., C.W. and M.Y.A.; supervision, S.R.S. and C.W.; project administration, S.R.S. and C.W.; funding acquisition, S.R.S. and C.W.; validation, M.Y.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Institute of General Medical Sciences, grant number R01 GM144578 awarded to SRS, CW and MYA.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are either contained within the publication and supporting material or are available upon request from the corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kardon, J.R.; Vale, R.D. Regulators of the cytoplasmic dynein motor. Nat. Rev. Mol. Cell Biol. 2009, 10, 854–865. [Google Scholar] [CrossRef] [PubMed]

	



Baffet, A.D.; Hu, D.J.; Vallee, R.B. Cdk1 Activates Pre-mitotic Nuclear Envelope Dynein Recruitment and Apical Nuclear Migration in Neural Stem Cells. Dev. Cell 2015, 33, 703–716. [Google Scholar] [CrossRef] [PubMed]

	



Bolhy, S.; Bouhlel, I.; Dultz, E.; Nayak, T.; Zuccolo, M.; Gatti, X.; Vallee, R.; Ellenberg, J.; Doye, V. A Nup133-dependent NPC-anchored network tethers centrosomes to the nuclear envelope in prophase. J. Cell Biol. 2011, 192, 855–871. [Google Scholar] [CrossRef] [PubMed]

	



Dharan, A.; Campbell, E.M. Role of Microtubules and Microtubule-Associated Proteins in HIV-1 Infection. J. Virol. 2018, 92, e00085-18. [Google Scholar] [CrossRef] [PubMed]

	



Encalada, S.E.; Szpankowski, L.; Xia, C.-H.; Goldstein, L.S. Stable Kinesin and Dynein Assemblies Drive the Axonal Transport of Mammalian Prion Protein Vesicles. Cell 2011, 144, 551–565. [Google Scholar] [CrossRef] [PubMed]

	



Fu, M.-M.; Holzbaur, E.L.F. Integrated regulation of motor-driven organelle transport by scaffolding proteins Microtubule-Based Transport in the Cell. Trends Cell Biol. 2014, 24, 564–574. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, J.C.; Quintremil, S.; Yi, J.; Vallee, R.B. Nesprin-2 Recruitment of BicD2 to the Nuclear Envelope Controls Dynein/Kinesin-Mediated Neuronal Migration In Vivo. Curr. Biol. 2020, 30, 3116–3129.e4. [Google Scholar] [CrossRef]

	



Hendricks, A.G.; Perlson, E.; Ross, J.L.; Schroeder, H.W.; Tokito, M.; Holzbaur, E.L. Motor Coordination via a Tug-of-War Mechanism Drives Bidirectional Vesicle Transport. Curr. Biol. 2010, 20, 697–702. [Google Scholar] [CrossRef]

	



Hu, D.J.-K.; Baffet, A.D.; Nayak, T.; Akhmanova, A.; Doye, V.; Vallee, R.B. Dynein Recruitment to Nuclear Pores Activates Apical Nuclear Migration and Mitotic Entry in Brain Progenitor Cells. Cell 2013, 154, 1300–1313. [Google Scholar] [CrossRef]

	



Morris, R.L.; Hollenbeck, P.J. The regulation of bidirectional mitochondrial transport is coordinated with axonal outgrowth. J. Cell Sci. 1993, 104, 917–927. [Google Scholar] [CrossRef]

	



Soppina, V.; Rai, A.K.; Ramaiya, A.J.; Barak, P.; Mallik, R. Tug-of-war between dissimilar teams of microtubule motors regulates transport and fission of endosomes. Proc. Natl. Acad. Sci. USA 2009, 106, 19381–19386. [Google Scholar] [CrossRef] [PubMed]

	



Splinter, D.; Tanenbaum, M.E.; Lindqvist, A.; Jaarsma, D.; Flotho, A.; Yu, K.L.; Grigoriev, I.; Engelsma, D.; Haasdijk, E.D.; Keijzer, N.; et al. Bicaudal D2, Dynein, and Kinesin-1 Associate with Nuclear Pore Complexes and Regulate Centrosome and Nuclear Positioning during Mitotic Entry. PLoS Biol. 2010, 8, e1000350. [Google Scholar] [CrossRef]

	



Wilson, M.H.; Holzbaur, E.L.F. Opposing microtubule motors drive robust nuclear dynamics in developing muscle cells. J. Cell Sci. 2012, 125, 4158–4169. [Google Scholar] [CrossRef]

	



Zhang, X.; Lei, K.; Yuan, X.; Wu, X.; Zhuang, Y.; Xu, T.; Xu, R.; Han, M. SUN1/2 and Syne/Nesprin-1/2 Complexes Connect Centrosome to the Nucleus during Neurogenesis and Neuronal Migration in Mice. Neuron 2009, 64, 173–187. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, R.; Antoku, S.; Gundersen, G.G. Centrifugal Displacement of Nuclei Reveals Multiple LINC Complex Mechanisms for Homeostatic Nuclear Positioning. Curr. Biol. 2017, 27, 3097–3110.e5. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Matunis, M.J.; Kraemer, D.; Blobel, G.; Coutavas, E. Nup358, a Cytoplasmically Exposed Nucleoporin with Peptide Repeats, Ran-GTP Binding Sites, Zinc Fingers, a Cyclophilin A Homologous Domain, and a Leucine-rich Region. J. Biol. Chem. 1995, 270, 14209–14213. [Google Scholar] [CrossRef]

	



Matanis, T.; Akhmanova, A.; Wulf, P.; Del Nery, E.; Weide, T.; Stepanova, T.; Galjart, N.; Grosveld, F.; Goud, B.; De Zeeuw, C.I.; et al. Bicaudal-D regulates COPI-independent Golgi–ER transport by recruiting the dynein–dynactin motor complex. Nature 2002, 4, 986–992. [Google Scholar] [CrossRef]

	



Grigoriev, I.; Splinter, D.; Keijzer, N.; Wulf, P.S.; Demmers, J.; Ohtsuka, T.; Modesti, M.; Maly, I.V.; Grosveld, F.; Hoogenraad, C.C.; et al. Rab6 Regulates Transport and Targeting of Exocytotic Carriers. Dev. Cell 2007, 13, 305–314. [Google Scholar] [CrossRef]

	



Serra-Marques, A.; Martin, M.; Katrukha, E.A.; Grigoriev, I.; Peeters, C.A.; Liu, Q.; Hooikaas, P.J.; Yao, Y.; Solianova, V.; Smal, I.; et al. Concerted action of kinesins kif5b and kif13b promotes efficient secretory vesicle transport to microtubule plus ends. Elife 2020, 9, e61302. [Google Scholar] [CrossRef]

	



Yi, J.; Zhao, X.; Noell, C.R.; Helmer, P.; Solmaz, S.R.; Vallee, R.B. Role of Nesprin-2 and RanBP2 in BICD2-associated brain developmental disorders. PLoS Genet. 2023, 19, e1010642. [Google Scholar] [CrossRef]

	



Neveling, K.; Martinez-Carrera, L.A.; Hölker, I.; Heister, A.; Verrips, A.; Hosseini-Barkooie, S.M.; Gilissen, C.; Vermeer, S.; Pennings, M.; Meijer, R.; et al. Mutations in BICD2, which Encodes a Golgin and Important Motor Adaptor, Cause Congenital Autosomal-Dominant Spinal Muscular Atrophy. Am. J. Hum. Genet. 2013, 92, 946–954. [Google Scholar] [CrossRef] [PubMed]

	



Peeters, K.; Litvinenko, I.; Asselbergh, B.; Almeida-Souza, L.; Chamova, T.; Geuens, T.; Ydens, E.; Zimoń, M.; Irobi, J.; De Vriendt, E.; et al. Molecular Defects in the Motor Adaptor BICD2 Cause Proximal Spinal Muscular Atrophy with Autosomal-Dominant Inheritance. Am. J. Hum. Genet. 2013, 92, 955–964. [Google Scholar] [CrossRef] [PubMed]

	



Synofzik, M.; Martinez-Carrera, L.A.; Lindig, T.; Schöls, L.; Wirth, B. Dominant spinal muscular atrophy due to BICD2: A novel mutation refines the phenotype. J. Neurol. Neurosurg. Psychiatry 2014, 85, 590–592. [Google Scholar] [CrossRef] [PubMed]

	



Oates, E.C.; Rossor, A.M.; Hafezparast, M.; Gonzalez, M.; Speziani, F.; MacArthur, D.G.; Lek, M.; Cottenie, E.; Scoto, M.; Foley, A.R.; et al. Mutations in BICD2 Cause Dominant Congenital Spinal Muscular Atrophy and Hereditary Spastic Paraplegia. Am. J. Hum. Genet. 2013, 92, 965–973. [Google Scholar] [CrossRef]

	



Rossor, A.M.; Sleigh, J.N.; Groves, M.; Muntoni, F.; Reilly, M.M.; Hoogenraad, C.C.; Schiavo, G. Loss of BICD2 in muscle drives motor neuron loss in a developmental form of spinal muscular atrophy. Acta Neuropathol. Commun. 2020, 8, 34. [Google Scholar] [CrossRef] [PubMed]

	



Hoogenraad, C.C.; Akhmanova, A.; Howell, S.A.; Dortland, B.R.; De Zeeuw, C.I.; Willemsen, R.; Visser, P.; Grosveld, F.; Galjart, N. Mammalian Golgi-associated Bicaudal-D2 functions in the dynein-dynactin pathway by interacting with these complexes. EMBO J. 2001, 20, 4041–4054. [Google Scholar] [CrossRef]

	



Terawaki, S.-I.; Yoshikane, A.; Higuchi, Y.; Wakamatsu, K. Structural basis for cargo binding and autoinhibition of Bicaudal-D1 by a parallel coiled-coil with homotypic registry. Biochem. Biophys. Res. Commun. 2015, 460, 451–456. [Google Scholar] [CrossRef]

	



Noell, C.R.; Loh, J.Y.; Debler, E.W.; Loftus, K.M.; Cui, H.; Russ, B.B.; Zhang, K.; Goyal, P.; Solmaz, S.R. Role of Coiled-Coil Registry Shifts in the Activation of Human Bicaudal D2 for Dynein Recruitment upon Cargo Binding. J. Phys. Chem. Lett. 2019, 10, 4362–4367. [Google Scholar] [CrossRef]

	



Liu, Y.; Salter, H.K.; Holding, A.N.; Johnson, C.M.; Stephens, E.; Lukavsky, P.J.; Walshaw, J.; Bullock, S.L. Bicaudal-D uses a parallel, homodimeric coiled coil with heterotypic registry to coordinate recruitment of cargos to dynein. Genes Dev. 2013, 27, 1233–1246. [Google Scholar] [CrossRef]

	



Sladewski, T.E.; Billington, N.; Ali, M.Y.; Bookwalter, C.S.; Lu, H.; Krementsova, E.B.; Schroer, T.A.; Trybus, K.M. Recruitment of two dyneins to an mRNA-dependent Bicaudal D transport complex. Elife 2018, 7, e36306. [Google Scholar] [CrossRef]

	



McClintock, M.A.; Dix, C.I.; Johnson, C.M.; McLaughlin, S.H.; Maizels, R.J.; Hoang, H.T.; Bullock, S.L. RNA-directed activation of cytoplasmic dynein-1 in reconstituted transport RNPs. Elife 2018, 7, e36312. [Google Scholar] [CrossRef] [PubMed]

	



Splinter, D.; Razafsky, D.S.; Schlager, M.A.; Serra-Marques, A.; Grigoriev, I.; Demmers, J.; Keijzer, N.; Jiang, K.; Poser, I.; Hyman, A.A.; et al. BICD2, dynactin, and LIS1 cooperate in regulating dynein recruitment to cellular structures. Mol. Biol. Cell 2012, 23, 4226–4241. [Google Scholar] [CrossRef] [PubMed]

	



Schlager, M.A.; Serra-Marques, A.; Grigoriev, I.; Gumy, L.F.; da Silva, M.E.; Wulf, P.S.; Akhmanova, A.; Hoogenraad, C.C. Bicaudal D Family Adaptor Proteins Control the Velocity of Dynein-Based Movements. Cell Rep. 2014, 8, 1248–1256. [Google Scholar] [CrossRef] [PubMed]

	



McKenney, R.J.; Huynh, W.; Tanenbaum, M.E.; Bhabha, G.; Vale, R.D. Activation of cytoplasmic dynein motility by dynactin-cargo adapter complexes. Science 2014, 345, 337–341. [Google Scholar] [CrossRef]

	



Urnavicius, L.; Zhang, K.; Diamant, A.G.; Motz, C.; Schlager, M.A.; Yu, M.; Patel, N.A.; Robinson, C.V.; Carter, A.P. The structure of the dynactin complex and its interaction with dynein. Science 2015, 347, 1441–1446. [Google Scholar] [CrossRef]

	



Noell, C.R.; Loftus, K.M.; Cui, H.; Grewer, C.; Kizer, M.; Debler, E.W.; Solmaz, S.R. A Quantitative Model for BicD2/Cargo Interactions. Biochemistry 2018, 57, 6538–6550. [Google Scholar] [CrossRef]

	



Urnavicius, L.; Lau, C.K.; Elshenawy, M.M.; Morales-Rios, E.; Motz, C.; Yildiz, A.; Carter, A.P. Cryo-EM shows how dynactin recruits two dyneins for faster movement. Nature 2018, 554, 202–206. [Google Scholar] [CrossRef]

	



Chaaban, S.; Carter, A.P. Structure of dynein–dynactin on microtubules shows tandem adaptor binding. Nature 2022, 610, 212–216. [Google Scholar] [CrossRef]

	



Cui, H.; Noell, C.R.; Behler, R.P.; Zahn, J.B.; Terry, L.R.; Russ, B.B.; Solmaz, S.R. Adapter Proteins for Opposing Motors Interact Simultaneously with Nuclear Pore Protein Nup358. Biochemistry 2019, 58, 5085–5097. [Google Scholar] [CrossRef]

	



Cai, Y.; Singh, B.B.; Aslanukov, A.; Zhao, H.; Ferreira, P.A. The Docking of Kinesins, KIF5B and KIF5C, to Ran-binding Protein 2 (RanBP2) Is Mediated via a Novel RanBP2 Domain. J. Biol. Chem. 2001, 276, 41594–41602. [Google Scholar] [CrossRef]

	



Pernigo, S.; Lamprecht, A.; Steiner, R.A.; Dodding, M.P. Structural Basis for Kinesin-1:Cargo Recognition. Science 2013, 340, 356–359. [Google Scholar] [CrossRef] [PubMed]

	



Gibson, J.M.; Cui, H.; Ali, M.Y.; Zhao, X.; Debler, E.W.; Zhao, J.; Trybus, K.M.; Solmaz, S.R.; Wang, C. Coil-to-α-helix transition at the Nup358-BicD2 interface activates BicD2 for dynein recruitment. eLife 2022, 11, e74714. [Google Scholar] [CrossRef] [PubMed]

	



Evans, R.; O’Neill, M.; Pritzel, A.; Antropova, N.; Senior, A.; Green, T.; Žídek, A.; Bates, R.; Blackwell, S.; Yim, J.; et al. Protein complex prediction with AlphaFold-Multimer. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko, A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583–589. [Google Scholar] [CrossRef]

	



Kozakov, D.; Hall, D.R.; Xia, B.; A Porter, K.; Padhorny, D.; Yueh, C.; Beglov, D.; Vajda, S. The ClusPro web server for protein–protein docking. Nat. Protoc. 2017, 12, 255–278. [Google Scholar] [CrossRef]

	



Vajda, S.; Yueh, C.; Beglov, D.; Bohnuud, T.; Mottarella, S.E.; Xia, B.; Hall, D.R.; Kozakov, D. New additions to the ClusPro server motivated by CAPRI. Proteins Struct. Funct. Bioinform. 2017, 85, 435–444. [Google Scholar] [CrossRef]

	



Vangone, A.; Rodrigues, J.P.; Xue, L.C.; van Zundert, G.C.; Geng, C.; Kurkcuoglu, Z.; Nellen, M.; Narasimhan, S.; Karaca, E.; van Dijk, M.; et al. Sense and simplicity in HADDOCK scoring: Lessons from CASP-CAPRI round 1. Proteins Struct. Funct. Bioinform. 2017, 85, 417–423. [Google Scholar] [CrossRef]

	



Van Zundert, G.C.P.; Rodrigues, J.P.G.L.M.; Trellet, M.; Schmitz, C.; Kastritis, P.L.; Karaca, E.; Melquiond, A.S.J.; van Dijk, M.; De Vries, S.J.; Bonvin, A.M.J.J. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of Biomolecular Complexes. J. Mol. Biol. 2016, 428, 720–725. [Google Scholar] [CrossRef]

	



Cui, H.; Ali, M.Y.; Goyal, P.; Zhang, K.; Loh, J.Y.; Trybus, K.M.; Solmaz, S.R. Coiled-coil registry shifts in theF684Imutant of Bicaudal D result in cargo-independent activation of dynein motility. Traffic 2020, 21, 463–478. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef]

	



Mirdita, M.; Schütze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making protein folding accessible to all. Nat. Methods 2022, 19, 679–682. [Google Scholar] [CrossRef]

	



Desta, I.T.; Porter, K.A.; Xia, B.; Kozakov, D.; Vajda, S. Performance and Its Limits in Rigid Body Protein-Protein Docking. Structure 2020, 28, 1071–1081.e3. [Google Scholar] [CrossRef] [PubMed]

	



Kozakov, D.; Beglov, D.; Bohnuud, T.; Mottarella, S.E.; Xia, B.; Hall, D.R.; Vajda, S. How good is automated protein docking? Proteins Struct. Funct. Bioinform. 2013, 81, 2159–2166. [Google Scholar] [CrossRef] [PubMed]

	



Honorato, R.V.; Koukos, P.I.; Jiménez-García, B.; Tsaregorodtsev, A.; Verlato, M.; Giachetti, A.; Rosato, A.; Bonvin, A.M. Structural Biology in the Clouds: The WeNMR-EOSC Ecosystem. Front. Mol. Biosci. 2021, 8, 729513. [Google Scholar] [CrossRef]

	



Mosalaganti, S.; Obarska-Kosinska, A.; Siggel, M.; Taniguchi, R.; Turoňová, B.; Zimmerli, C.E.; Buczak, K.; Schmidt, F.H.; Margiotta, E.; Mackmull, M.-T.; et al. AI-based structure prediction empowers integrative structural analysis of human nuclear pores. Science 2022, 376, eabm9506. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Huang, G.; Zeng, C.; Zhan, X.; Liang, K.; Xu, Q.; Zhao, Y.; Wang, P.; Wang, Q.; Zhou, Q.; et al. Structure of the cytoplasmic ring of the Xenopus laevis nuclear pore complex. Science 2022, 376, eabl8280. [Google Scholar] [CrossRef]

	



Bley, C.J.; Nie, S.; Mobbs, G.W.; Petrovic, S.; Gres, A.T.; Liu, X.; Mukherjee, S.; Harvey, S.; Huber, F.M.; Lin, D.H.; et al. Architecture of the cytoplasmic face of the nuclear pore. Science 2022, 376, eabm9129. [Google Scholar] [CrossRef]

	



Maul, G.G.; Maul, H.M.; Scogna, J.E.; Lieberman, M.W.; Stein, G.S.; Hsu, B.Y.-L.; Borun, T.W. Time sequence of nuclear pore formation in phytohemagglutinin-stimulated lymphocytes and in HeLa cells during the cell cycle. J. Cell Biol. 1972, 55, 433–447. [Google Scholar] [CrossRef] [PubMed]

	



Fagiewicz, R.; Crucifix, C.; Klos, T.; Deville, C.; Kieffer, B.; Nominé, Y.; Busselez, J.; Rossolillo, P.; Schmidt, H. In vitro characterization of the full-length human dynein-1 cargo adaptor BicD2. Structure 2022, 30, 1470–1478.e3. [Google Scholar] [CrossRef]

	



Gallisà-Suñé, N.; Sànchez-Fernàndez-De-Landa, P.; Zimmermann, F.; Serna, M.; Regué, L.; Paz, J.; Llorca, O.; Lüders, J.; Roig, J. BICD2 phosphorylation regulates dynein function and centrosome separation in G2 and M. Nat. Commun. 2023, 14, 2434. [Google Scholar] [CrossRef]








[image: Biomolecules 13 01445 g001] 





Figure 1. Summary of BicD2/dynein-dependent cellular transport pathways. 
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Figure 2. Nup358/BicD2 interface from AlphaFold2. In the primary binding site #1, the α-helical region in Nup358 (blue) forms an α-helical bundle with the homo-dimeric coiled-coil of BicD2 (red). This is the high-confidence binding site as scored by AlphaFold2. A secondary binding site is observed in the random-coil region of Nup358, toward the N-terminus of Nup358-min and the C-terminus of the BicD2-CTD. This binding site has a lower confidence score in AlphaFold2 but is supported by our NMR and mutagenesis results. See Table S1. 
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Figure 3. Predicted per-residue local distance difference test pLDDT and Predicted Aligned Error (PAE) plots for the highest ranked AlphaFold2 model. (A) pLDDT plot. A score of above 80% suggests confidence in the structure prediction (90–100%—high confidence; 80%—confidence threshold; 50%—low confidence). (B) PAE plot. A color-gradient indicates the PAE in Å (0–10 Å—low error; 15 Å—acceptable threshold; 30 Å—low confidence). 
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Figure 4. The C-terminal residues 2189–2240 of Nup358-min do not engage in the interaction with the BicD2-CTD. (A) Bottom panel: Coomassie-stained SDS-PAGE gel of elution fractions of the pulldown of GST-tagged Nup358-min and two C-terminal deletion constructs with the BicD2-CTD. Amounts of 2 µg of each of the three Nup358 fragments were analyzed on the same gel for calibration purposes. The molar masses of standards are indicated on the left. Top panel: The bar graph shows the molar ratio of Nup358 bound to BicD2. This ratio was obtained by quantification of the protein bands of the SDS-PAGEs of the elution fractions of the pull-down experiments. A representative dataset is shown in (A). The average ratio from 3 sets of experiments is shown, and the error bars show the standard deviation. The intensities of the gel bands were first converted to concentrations using the 2 µg bands of each Nup358 fragment as a standard. To obtain molar ratios, the concentrations were divided by the molar mass of the Nup358 fragments. Ratios of the deletion fragments were normalized to the ratio of Nup358-min/BicD2-CTD (=1). (B) Different amounts of the three Nup358 fragments were analyzed on SDS-PAGE and stained by Coomassie blue. Statistical analysis: The ratios of bound BicD2 to the three Nup358 fragments (aa 2148–2240 (Nup358-min), aa 2148–2188, and aa 2148–2199) are not statistically significantly different. The statistical significance of the results was assessed using the one-way ANOVA test (two-case multiple comparison). p values of less than 0.05 signify significant differences. p value for Nup358-min vs. Nup358 2148–2188: 0.61. p value for Nup358-min vs. Nup358 2148–2199: 0.33. Original Coomassie-stained SDS-PAGE images can be found in supplementary materials. 






Figure 4. The C-terminal residues 2189–2240 of Nup358-min do not engage in the interaction with the BicD2-CTD. (A) Bottom panel: Coomassie-stained SDS-PAGE gel of elution fractions of the pulldown of GST-tagged Nup358-min and two C-terminal deletion constructs with the BicD2-CTD. Amounts of 2 µg of each of the three Nup358 fragments were analyzed on the same gel for calibration purposes. The molar masses of standards are indicated on the left. Top panel: The bar graph shows the molar ratio of Nup358 bound to BicD2. This ratio was obtained by quantification of the protein bands of the SDS-PAGEs of the elution fractions of the pull-down experiments. A representative dataset is shown in (A). The average ratio from 3 sets of experiments is shown, and the error bars show the standard deviation. The intensities of the gel bands were first converted to concentrations using the 2 µg bands of each Nup358 fragment as a standard. To obtain molar ratios, the concentrations were divided by the molar mass of the Nup358 fragments. Ratios of the deletion fragments were normalized to the ratio of Nup358-min/BicD2-CTD (=1). (B) Different amounts of the three Nup358 fragments were analyzed on SDS-PAGE and stained by Coomassie blue. Statistical analysis: The ratios of bound BicD2 to the three Nup358 fragments (aa 2148–2240 (Nup358-min), aa 2148–2188, and aa 2148–2199) are not statistically significantly different. The statistical significance of the results was assessed using the one-way ANOVA test (two-case multiple comparison). p values of less than 0.05 signify significant differences. p value for Nup358-min vs. Nup358 2148–2188: 0.61. p value for Nup358-min vs. Nup358 2148–2199: 0.33. Original Coomassie-stained SDS-PAGE images can be found in supplementary materials.



[image: Biomolecules 13 01445 g004]







[image: Biomolecules 13 01445 g005] 





Figure 5. Nup358/BicD2 interface determined by NMR and Alphafold2. (A) Prior results assigned random coil (blue), α-helical (red), and undetermined (white) conformations to each residue of the Nup358-min sequence bound to BicD2 [42]. Many of the experimentally undetermined amino acids were shown to be in the α-helical region based on AlphaFold2, as shown in orange. (B) Cartoon representation of the structural model of the minimal Nup358/BicD2 complex, zoomed in on the interaction of the Nup358 cargo-recognition α-helix with BicD2. The Nup358 residues that were identified as interface residues by mutagenesis and pull-down assays in our prior publication [42] are shown in stick representation and labelled. Note that they also mediate interactions in the Alphafold2 model of the complex. 
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Figure 6. Two critical interfacial salt bridges predicted by AlphaFold2 and confirmed by mutagenesis. (A) Structure of the minimal Nup358/BicD2 complex in cartoon representation (Nup358 molecules in pink; BicD2 molecules in cyan and light pink). Close-up of salt bridges formed by BicD2 residue D755 and Nup358 residue K2181, as well as BicD2 residue D762 and Nup358 residue K2174. The complex is a symmetric hetero-tetramer. (B) The importance of these salt bridges was confirmed by mutagenesis. The bar graph shows the ratio of bound BicD2/Nup358 from pulldown assays normalized respective to the WT (WT = 1; statistically significantly reduced binding = red; normal binding = blue). Average ratios are shown and the error bars represent the standard deviation from three experiments. A representative Coomassie-stained SDS-PAGE of the elution fractions of the pull-downs of GST-tagged Nup358-min with BicD2-CTD WT and distinct BicD2 mutants targeting the highlighted salt bridges is shown. The staining intensities of the gel bands for Nup358 and BicD2 were quantified in ImageJ 1.52v and the background intensity was subtracted to calculate the ratios of bound BicD2/Nup358 which were normalized respective to the ratio obtained for the WT. The positions of molecular weight standards are indicated on the left. An asterisk indicates the location of the GST band. Mutations of the salt bridge residues, D775A, and D762A strongly diminish binding to Nup358-min; meanwhile, the mutations of nearby residues E756A and E763A, not involved in predicted salt bridges, have little effect. The MW standards are indicated on the left. Statistical analysis: The statistical significance of the results was assessed using the one-way ANOVA test (two-case multiple comparison). p values of less than 0.05 signify significant differences. The ratios of bound BicD2/Nup358 were compared for the WT with each mutant and p values were calculated. p values: D755A < 0.0001; E756A < 0.0001; D762A < 0.0001; E763A = 0.8506 (ns). 
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Figure 7. Nup358/BicD2 interfaces from ClusPro and HADDOCK are similar to those generated by AlphaFold2. Overlays of AlphaFold2 and (A) ClusPro and (B) HADDOCK models are showing nearly identical placement of the Nup358 α-helix compared to the set position of the BicD2 dimer in the binding region. Salt bridges identified by ClusPro and HADDOCK, which are identical in position to those from AlphaFold2, are shown in the figure. Alignment using MOE resulted in the following RMSD values: 0.34 and 1.1 Å for the AlphaFold2/ClusPro comparison of BicD2 and Nup358, respectively, and 0.95 and 0.74 Å for the AlphaFold2/HADDOCK comparison of BicD2 and Nup358, respectively. 
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Figure 8. A second interface was identified between intrinsically disordered residues 2148–2158 of Nup358 and the C-terminal region of the BicD2-CTD. Top panel: cartoon representation of the Alphafold2 model of the Nup358-min/BicD2-CTD complex (Nup358 blue, BicD2 red). The interfacial region being studied is boxed. Middle panel: Bar graph showing the ratio of bound BicD2/Nup358 from pulldown assays normalized respective to the WT (WT = 1; statistically significantly reduced binding = red; normal binding = blue). Ratios were presented as average from three experiments and the error bars show the standard deviation from three experiments. Bottom panel: Coomassie-stained SDS-PAGE of elution fractions of GST-pulldowns of GST-tagged Nup358-min with BicD2-CTD WT and mutants. The gel band intensities were quantified to obtain the ratios shown in the bar graph. MW standards are indicated on the left. An asterisk indicates the location of the GST band. Statistical analysis: The statistical significance of the results was assessed using the one-way ANOVA test (two case multiple comparison). p values of less than 0.05 signify significant differences. The ratios of bound BicD2/Nup358 were compared for the WT with each mutant and p values were calculated: p values: E774A < 0.0001; R783A = 0.9993 (ns); I786A < 0.0001; Q788A < 0.0001; K789A < 0.0001; E797C < 0.0001. 
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Figure 9. Nup358 and Rab6 bind to distinct sites on BicD2 CTD. (A) Top panel: cartoon representation of the Alphafold2 model of the Nup358-min/BicD2-CTD complex (Nup358 blue, BicD2 red). The interface being studied is boxed. Middle panel: bar graph showing the ratio of bound BicD2/Nup358 from pulldown assays normalized respective to the WT (WT = 1; statistically significant reduced binding = red; normal binding = blue). Bottom panel: Coomassie-stained SDS-PAGE of elution fractions of GST-pulldowns of GST-tagged Nup358-min with BicD2-CTD WT and mutants. An asterisk indicates the location of the GST band. The gel band intensities were quantified to obtain the ratios shown in the bar graph. (B) Top panel: bar graph showing the ratio of bound BicD2/Rab6GTP from pulldown assays normalized respective to the WT. Bottom panel: Coomassie-stained SDS-PAGE of elution fractions of GST-pulldowns of GST-tagged Rab6 with BicD2-CTD WT and mutants. (A,B) Ratios were averaged from three experiments; the error bars show the standard deviation. Molar masses of standards are indicated on the left. Statistical analysis: The statistical significance of the results was assessed using the one-way ANOVA test (two-case multiple comparison). p values of less than 0.05 signify significant differences. The ratios of bound BicD2/Nup358 or BicD2/Rab6 were compared for the WT with each mutant and p values were calculated. p values: C745S < 0.0001; F750I < 0.0001; D755A < 0.0001; E756A < 0.0001; D762A < 0.0001. C745S = 0.80 (ns); F750I = 0.64 (ns); D755A = 0.75 (ns); E756A = 0.997 (ns). 
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Table 1. Comparison of NMR results from Gibson et al. [42] with AlphaFold2 results.
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	Method
	α-Helical Region
	Binding Region





	NMR
	2162–2184 (CEST)
	2149–2190 (titration)



	AlphaFold2
	2160–2186
	2149–2191










 





Table 2. RMSD comparison of AlphaFold2 models with ClusPro and HADDOCK.
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	Docking Program
	BicD2-CTD
	Nup358-min





	ClusPro
	1.1 Å
	0.34 Å



	HADDOCK
	0.95 Å
	0.74 Å
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