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Abstract

:

Vascular endothelial growth factors (VEGFs) are the key regulators of blood and lymphatic vessels’ formation and function. Each of the proteins from the homologous family VEGFA, VEGFB, VEGFC and VEGFD employs a core cysteine-knot structural domain for the specific interaction with one or more of the cognate tyrosine kinase receptors. Additional diversity is exhibited by the involvement of neuropilins–transmembrane co-receptors, whose b1 domain contains the binding site for the C-terminal sequence of VEGFs. Although all relevant isoforms of VEGFs that interact with neuropilins contain the required C-terminal Arg residue, there is selectivity of neuropilins and VEGF receptors for the VEGF proteins, which is reflected in the physiological roles that they mediate. To decipher the contribution made by the C-terminal sequences of the individual VEGF proteins to that functional differentiation, we determined structures of molecular complexes of neuropilins and VEGF-derived peptides and examined binding interactions for all neuropilin-VEGF pairs experimentally and computationally. While X-ray crystal structures and ligand-binding experiments highlighted similarities between the ligands, the molecular dynamics simulations uncovered conformational preferences of VEGF-derived peptides beyond the C-terminal arginine that contribute to the ligand selectivity of neuropilins. The implications for the design of the selective antagonists of neuropilins’ functions are discussed.
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1. Introduction


Neuropilin-1 (NRP1) and neuropilin-2 (NRP2) are single-pass transmembrane proteins with approximately 840 amino acid residues in their extracellular (ectopic) domain and a small intracellular region containing 44 residues [1,2]. While the ectopic region, comprising five structural domains, interacts with a range of physiological ligands, the intracellular region is devoid of any catalytic activity, and although studies show distinct roles for the cytoplasmic peptide [3,4], neuropilins are not viewed as canonical functional receptors. Instead, the role of these proteins is commonly described as that of co-receptors, since many of their physiological functions are tightly linked to supporting the activities of other well-characterised receptors, such as several transmembrane tyrosine kinases and plexins [1,5]. Since their discovery as the receptors for class 3 semaphorins, neuropilins were shown to be involved in binding a range of other ligands including vascular endothelial growth factors, TGF-beta, hepatocyte growth factor, galectins and several viral proteins [5,6,7,8,9].



Studies of neuropilins’ function in mediating responses to vascular endothelial growth factors (VEGFs) dominate the literature. In mammals there are four VEGF genes designated VEGFA, VEGFB, VEGFC and VEGFD that code for structurally homologous proteins [10]. All proteins share a key structural domain, known as a cysteine knot, which is recognised by and interacts with the corresponding VEGF receptors (VEGF-Rs). Apart from the common cysteine knot domain, the proteins display significant diversity either because of alternative splicing or due to posttranslational proteolytic processing. Structural differences are paralleled by the functional specialisation with respect to the receptors with which they engage and the processes that are regulated by these interactions. Furthermore, neuropilins are required to reach the full activity of various VEGF-VEGF-R signaling pathways, adding an additional layer of complexity.



VEGFA is a key regulator of vasculogenesis and angiogenesis, and it signals through interactions with VEGF-R2 and NRP1. VEGFC activity, mediated via NRP2/VEGF-R2 (or VEGF-R3) receptor complexes, plays a critical role in lymphangiogenesis [11]. While VEGFC and VEGFD have partially overlapping functionalities, VEGFC is essential, as its genetic deletion leads to the lethality of knockout mice, while VEGFD is not [12,13]. VEGFB, which is most prominently expressed in cardiac and skeletal muscle [14], selectively binds to VEGF-R1 [15] and NRP1 [16] and has been implicated in diabetes [17,18]. VEGFB was also identified as an antioxidant upregulating a cluster of antioxidant proteins [19].



How is the regulation of these varied VEGF functions achieved? A degree of regulation is likely attained by the levels of expression of the specific genes within different tissues. However, the overlapping presence of the receptors and the ligands raises the possibility for differentiation through the specificity of the molecular interactions. The key aspect of the interaction between neuropilins and VEGFs occurs through binding of the C-terminal arginine of VEGF to the ligand-binding region of neuropilin b1 domain [20,21]. The interactions between neuropilins and VEGFs have been previously studied using X-ray crystallography. Specifically, the interactions of VEGFC with NRP2 were described based on the structure of a heterocomplex between the NRP2-b1 domain and the C-terminal sub-domain of VEGFA [22] and in the context of a crystal structure of fusion proteins when the C-terminal pentapeptide of the mature VEGFC was fused to the C-terminus of the NRP2-b1b2 domain’s protein construct [23]. Similarly, for NRP1, a crystal structure of the fusion protein where the VEGFA heparin-binding domain was fused to the C-terminus of the NRP1-b1 domain has been reported [24]. Importantly, the b1 domain of neuropilins was identified as the binding site not only for VEGFs, but also for other natural and synthetic ligands that contain the R/KXXR sequence motif that follows the so-called “C-end rule” and that is commonly generated by the action of furin protease [25]. It was recently recognised that furin protease activity is uniquely required for the activation and attachment of the SARS-CoV-2 spike protein, contributing to the effectiveness of SARS-CoV-2 viral infection and further raising interest in neuropilins expression, function and the molecular basis of ligand binding [9].



We have carried out a comprehensive analysis of the interactions between NRP1 and NRP2 with the pentapeptides corresponding to the C-termini of the four physiological ligands from the VEGF family: VEGFA165, VEGFB167, VEGFB186 and VEGFC (identical in this region to VEGFD), as well as the control peptide with an AAAAR sequence. The length of peptide sequences was selected to correspond to the length of the C-terminal sequence of the key physiological molecule VEGFA165. This sequence, encoded by Exon 8, extends from the globular region of the heparin-binding domain. We report three crystal structures with peptide complexes, which were then used as the models to generate all possible molecular complexes and to carry out molecular dynamics simulations. We correlated our findings with surface plasmon resonance (SPR)-determined binding affinities and conclude that physiological activities are not a reflection of significant differences in binding affinities for the ligands from the VEGF family; instead, we conclude, the ligands’ selectivity might be directed by the conformational preferences beyond the C-terminal arginine and transient protein-protein interactions that are formed with neuropilins, as observed in molecular dynamics simulations.




2. Materials and Methods


2.1. Protein Expression and Purification


Proteins were expressed and purified as previously described [22,26]. NRP1-b1 and NRP2-b1 were expressed in Rosetta-gami2(DE3)pLysS E.coli cells that were transformed with a pET-15b vector containing NRP1-b1 and NRP2-b1 sequences with an N-terminal 6-His-tag and a TEV protease cleavage site. After the cells were harvested by centrifugation and lysed by sonication, the proteins were purified from the filtered cell extract. Purification protocol, as described in Tsai et al. (2016) [22], included a combination of nickel ion-affinity chromatography, size exclusion, and a final ion exchange chromatography step.




2.2. Peptides


All peptides (Table 1) were produced as the N-acetylated form by PeptideSynthetics, Fareham, UK and were used without further purification. In the manuscript the pentapeptides are referred to by isoform number, i.e. ‘A165′ refers to VEGFA165 pentapeptide, etc. Control peptide is labeled as ‘Con’ and ‘Ac’ is used to denote Acetyl-group.




2.3. Surface Plasmon Resonance


SPR was performed using the Biacore T200 Enhanced Sensitivity model (GE, Healthcare, UK). Protein was immobilised on a CM5 chip, following the manufacturer’s instructions until it reached 1000 response units (RU). SPR was run with a range of peptide concentrations from 64 µM to 0.125 µM, in a buffer of 20 mM Tris pH 7.9, 50 mM NaCl. Biacore T200 evaluation software was used for data analysis.




2.4. Crystallography


Initial crystallisation screens were performed using the Qiagen PEGs II Suite of 96 conditions via the sitting drop vapour diffusion method and pipetted by a TTP Labtech Mosquito. 100 nL of protein solution was mixed with 100 nL of reservoir solution in each drop. Optimisation screens were performed manually, through hanging drop vapour diffusion, with 1 µL of protein solution mixed with 1 µL of reservoir solutions. Suspension of crystallisation seeds was produced using the Hampton Research Seed Bead kit. In crystallisation experiments using seeds, 0.5 µL of seeds suspension were added to an existing 2 µL protein/reservoir solution drop. Final crystallization conditions were as follows: NRP1/B186–0.2 M (NH4)2SO4, 0.1 M MES pH 6.5, 30% (w/v) PEG5000 MME; NRP2-b1/B167-0.1 M HEPES pH 7.5, 10% (w/v) PEG4000, 20% (w/v) isopropanol; NRP2-b1/C-0.1 M NaOAc, 0.1 M HEPES pH 7.5, 12% (w/v) PEG4000. Crystals were transferred into cryoprotectant solution comprising the reservoir solution enriched with 20% Ethylene Glycol and stored in liquid nitrogen prior to data collection. Data collection was performed at the Diamond Light Source synchrotron beamlines I03 and I04. X-ray diffraction data processing was performed using Xia2 3dii and auto-PROC [27,28]. Molecular replacement structure solution was performed using Phaser MR [29] with 4RN5 (PDB ID) as a starting model. Crystal structures were built in Coot [30] and structural refinement was performed using Phenix [31] software. Structural figures were produced in Pymol.




2.5. Thermostability Shift Assays


Thermostability assays were performed on the LightCycler 480 II (Roche) with a final concentration of 5 µM protein, 1 mM ligand and 10X of SYPRO Orange, in DMSO (Thermo Fisher). Negative and positive control experiments were performed using the protein with buffer alone or the ligand without protein and the protein with a strongly binding ligand EG01377, respectively. Experiments were carried out in duplicates on two separate days for two different batches of protein preparations and the values in the table represent the averages from the four measurements.




2.6. Molecular Dynamics Simulations


Molecular dynamics simulations of NRP1 and NRP2 proteins in complex with peptides were conducted using Desmond molecular dynamics software v3.6.0 [32,33] and the OPLS2005 force field [34]. The three-dimensional structures of protein peptide complexes obtained from X-ray crystallography were imported into Maestro. The structures were prepared for simulations using Protein Preparation Wizard by setting protonation states of ionizable groups to mimic the effects of environment at pH 7 and adding hydrogen atoms. The System Builder module of Desmond software was used to fully solvate all systems with explicit water using a simple point charge (SPC) model and 50 mM NaCl. The size of the periodic boundary conditions box was set to allow a minimum 10 Å distance from the protein-peptide system to the nearest side of the box. Each system was equilibrated using the default simulated annealing protocol by raising temperature with a linear gradient between the following set points: 0 K at start; 10 K at 30 ps; 100 K at 100 ps and finally 1000 K at 1000 ps. The NVT ensemble class (simulation at the constant volume) was used with a Berendsen thermostat (1 ps relaxation time). The RESPA integrator was set to 1 fs and near = 1 and far = 3. The coulombic interaction cut-off was set to 9 Å. The time step was set to 1 fs, the energy recording interval 1 ps and the trajectory interval 5 ps. The final frame of the simulated annealing trajectories for both structures were subjected to the production simulation at 300 K for 10 ns using the same setting as for simulated annealing except for the NPT ensemble class (simulation at the constant pressure). The final frame of trajectories for these two structures were used to generate the protein-peptide complexes for which the X-ray structures were not available. Water molecules and ions were deleted from both systems and the peptide sequences were mutated accordingly. The System Builder was used to solvate complexes and add ions. All complexes were submitted to 10 ns equilibration simulations 300 K and constant pressure, as described above. Final frames extracted from the equilibration trajectories were used as starting points for 30 ns production simulations. All production simulations were run in duplicate. Trajectories were analysed using tools and scripts implemented in Maestro, including the interactions of peptides with proteins by Simulation Interaction Diagram tool.





3. Results


3.1. Interaction with Peptides Increases Thermostability of b1 Domains


The peptides used in this study were based on the C-terminal five residues of human isoforms of VEGF, specifically VEGFA165, VEGFB167, VEGFB186, VEGFC and a control peptide, as shown in Table 1. The pentapeptides are referred to by isoform number, i.e., ‘A165′ refers to VEGFA165 pentapeptide, etc. The control peptide is labelled as ‘Con’. All peptides were used to carry out initial comparisons of interactions with the b1 domains of NRP1 and NRP2 using thermostability shift assays. These assays are commonly used in screening for small molecules’ compounds, which will bind to the protein of choice, resulting in a ligand-induced stabilisation of the protein and an increase in the corresponding apparent melting temperature (Tm). We have previously demonstrated that NRP1-b1 domain exhibits a one-stage unfolding mechanism with a single Tm, whereas NRP2-b1 protein involves a two-stage unfolding mechanism with two corresponding Tm values [22]. All peptides in this study caused shifts in the melting temperatures of NRP1-b1 and NRP2-b1, thereby confirming their binding to the b1 domain. The stabilising effect of some peptides is stronger than others (Figure S1) and none of the peptides influenced the Tm2 of NRP2-b1. For NRP1-b1, the largest shifts in Tm of 3.5 ± 0.2 °C and 3.6 ± 0.2 °C were detected in the presence of A165 and B186, respectively. The control peptide caused a similar shift in Tm of 3.0 ± 0.2 °C, in agreement with the presence of the C-terminal arginine (Table 1) being sufficient for interaction with NRP1-b1. Consistent with the physiological selectivity of NRP1, the lowest thermal stability effect was observed in the presence of peptide C (ΔTm = 2.0 ± 0.3 °C). In contrast, with respect to the NRP2-b1 domain, peptides A165, B167 and C induce an increase in Tm1 by approximately 2.4 °C while B186 has the most stabilising effect, raising Tm1 by 3.5 ± 0.2 °C.




3.2. All Peptides Exhibit Binding Affinities in the Micromolar Range by SPR


The SPR data exhibited fast on and off binding kinetics with the Kd values in the low micromolar range (Table 2 and Figure S2). Determined affinities range from 4 μM for B167 binding to NRP1 to >90 μM dissociation constant for the interaction of the control peptide with NRP2. Interestingly, NRP1-b1 showed both higher selectivity between the peptides and higher affinity for the peptides compared to NRP2-b1. The poorer selectivity of NRP2-b1 for the peptides, observed in the SPR analysis, mirrored the effect that these peptides, except B186, had on Tm1 values for NRP2. NRP1, which is commonly considered to be the primary receptor for VEGFA, exhibited the weakest affinity for VEGFC-derived peptide and the control peptide. In contrast, NRP2, the main physiological receptor for VEGFC, did not differentiate significantly between VEGFA and VEGFC-derived peptides and interacted even more poorly with the control peptide. For both NRP1 and NRP2, B167, the most positively charged peptide of those examined, exhibited the highest affinity in SPR essays.




3.3. X-ray Crystal Structures of the Complexes Exhibit Distinct Features


While preliminary crystals were generated for several neuropilin/peptide combinations, good quality data were collected and the structures were solved and refined for the following three new complexes: NRP1-b1/B186, NRP2-b1/B167, and NRP2-b1/C. These crystals were obtained by a microseeding method with seeds generated from native neuropilin crystals and reservoir solutions containing the specific buffer combinations indicated in the Materials and Methods section. The three complexes formed crystals that exhibited P212121, C2 and P21 symmetry, respectively. X-ray data and structure refinement statistics are presented in Table 3. The structures were deposited to the PDB with accession numbers PDB ID: 6TKK, 6TDB, 6TJT.



In all three structures, the peptides are bound within the canonical ligand-binding site in the b1 domain. Neuropilin b1 domain belongs to the structural family of coagulation factor V/VIII homology domains, also known as discoidin domains, and the ligand-binding site is formed by three loops labelled L1–L3, which are projecting from the two central β-sheets. The C-terminal arginine residue from the ligand peptides is clearly observed in the electron density maps forming interactions with the residues Y297/Y299, S346/S349, D320/D323, T349/T352 and Y353/Y356 in NRP1/NRP2 (Figure 1). Equivalent interactions have been described in the previously reported ligand-bound structures and they are primarily associated with the binding of the carboxylate group and the guanidinium group of the C-terminal arginine within the specific binding site [22,23,24].



Apart from the commonalities of interactions between the C-terminal arginine of the peptidic ligands and the b1 domain ligand binding site [22,23,24,35], the structures showed differences in the ways the peptides interacted with the rest of the structure. The structure of the NRP2/C complex contained two molecular complexes in the asymmetric unit. Each of the NRP2 molecules had a VEGFC-derived peptide bound, but we were able to confidently place only the three C-terminal residues, while the two N-terminal residues of the pentapeptide were disordered (Figure 1, middle). The structure of the NRP1/B186 complex, which contained a single NRP1-b1 domain in the asymmetric unit, had a clear and unambiguous high-resolution electron density for all five residues of the peptide (Figure 1, left). Inspection of the structure revealed that the presence of the well-ordered peptide is most likely a consequence of the peptide’s interaction with the symmetry-related neuropilin molecule. Namely, backbone atoms of the B186 peptide formed hydrogen bonds with the backbone atoms of the symmetry-related NRP1 residues within the loop L2 (residues 320–322).



The asymmetric unit of the crystal structure of the NRP2/B167 complex contains four NRP2-b1 molecules, but only three B167 peptides were identified (Figure 2A). Two of the NRP2 ligand binding sites contained the peptides in a canonical-binding mode, again with only 2 to 3 C-terminal residues identifiable within the electron density map while the remainder of the peptide displayed disorder and was not modeled. The third peptide molecule was fully modelled in a well-defined electron density that covered 4 of the residues while the electron density for the 5th, N-terminally acetylated residue, displayed some disorder. Despite this disorder, it was clear that the peptide, represented in Figure 2B, reaches out to the b1 domain ligand-binding area on a neighbouring NRP2-b1 chain, thus creating a bridge between two of the four NRP2-b1 molecules in the asymmetric unit. This was an unexpected observation; however, the peptide B167 contains an almost palindromic sequence, RKLRR, and the presence of the carbonyl oxygen atom from the acetyl group at the N-terminal arginine introduced a hydrogen bond acceptor atom that could engage in an interaction with the ligand-binding site on the NRP2-b1 domain (Figure 2B). Positioning of this N-Acetylated, N-terminal Arg residue departs from the canonical C-terminal Arg-binding mode but bears similarity to what we have previously observed in the structure of NRP1-b1 domain complexed with L-homoarginine (PDBID: 5IJR). The N-acetyl group is oriented towards Trp304, with the carbonyl oxygen thereby forming a hydrogen bond only with Ser349 and losing the interaction with Thr352 (Thr349 in NRP1), which is otherwise one of the hallmarks of the canonical binding mode for the C-terminal arginine, as described above [22,23,24,35]. We also note that in the structure of the NRP2-b1/B167 complex, the C-terminal arginine of the peptide formed an ionic interaction with only one of the D323 carboxylate atoms. Moreover, in the molecule of the NRP2-b1/B167 complex, in which the peptide was fully modelled (Figure 1, right), Arg4 interacts with D301, but this was not seen for the other two peptides in the asymmetric unit.




3.4. MD Simulations of Molecular Complexes Reveal Distinct Patterns of Sampling of Conformational Space by the Peptidic Ligands


To further investigate the specific aspects of neuropilins’ interactions with their VEGF ligands, we carried out MD simulations on all NRP/VEGF peptides combinations, including a putative complex with the control peptide. Figure 3 illustrates the results of simulations of complexes involving the NRP1-b1 domain. Centroids of the most populated clusters were extracted from trajectories of 30 ns molecular dynamics simulations and the corresponding peptides were shown as solvent-accessible surfaces laid over the NRP1-b1 domain, displayed as a grey ribbon. In all images, Glu348 (shown in CPK rendition), the residue positioned on the top of the ligand-binding site, was used as a reference point. This representation of MD simulation results illustrates the space occupied by various peptides, indicating that although they all share the interactions related to the tethering of the C-terminal arginine to the NRP1-b1 domain, the flexibility of the peptides and the space which they occupy beyond the binding pocket vary significantly. This is further illustrated in Figure 4, which depicts the extent of the conformational space sampled by VEGF peptides. The two figures show that compared to the other peptides, the representative conformations from the most occupied clusters for the VEGFA165-derived peptide occupy a narrower conformational space (Figure 4), which is reflected by a lower dispersion of the backbones for cluster representatives. In addition, the structures are positioned closer to the surface of the NRP1-b1 molecule, as shown in Figure 3 by the orientation of the centroid of the most populated cluster. Data were further analysed in terms of specific contacts that the peptides were making with the NRP1-b1 residues and expressed as a fraction time of interaction occurrence (Table 4). This analysis effectively indicates how often the specific neuropilin residue came into contact with the peptide during the 30 ns of simulations. Table 4 and Figure S3 demonstrate differences in patterns of interactions between peptides and NRP1-b1. For example, the control peptide interacts with fewer NRP1 residues than any of the VEGF-derived peptides; the B167 peptide also forms fewer interactions compared to A165, B186 and C despite its strong preference for Glu348, as shown by the 93% time-of-interaction occurrence with this residue. Neither of the two VEGFB-derived peptides exhibits significant interaction with Thr349. In these simulations, interestingly, neither peptide B167 nor peptide C formed significant interactions with Tyr353. In all crystal structures of molecular complexes of NRP1 with its natural ligands, as exemplified in Figure 1A, Tyr353 was identified as one of the key residues forming a hydrogen bond with the carboxylate oxygen of the ligand’s terminal arginine while simultaneously engaged in stacking interactions with the aliphatic portion of the arginine side chain. Loss of these interactions in the MD simulations would be consistent with the lack of preference of NRP1 for VEGFC.



The same type of analysis was carried out for simulations involving the NRP2-b1 domain and is displayed in Figure 5 and Figure 6 and Table 5 (Figure S3). Again, a pattern emerges where the peptides could be differentiated based on their preferred orientation. Table 5 clearly shows that in the case of NRP2-b1 domain, the control peptide also exhibits fewer interactions overall compared to the other peptides. However, in contrast to what was observed for the NRP1-b1 domain, it does engage in interactions with T352 (T349 in NRP1), but only 60% of the time, similarly to what is seen for A165. Another interesting feature that the simulations have uncovered is that for the 30 ns simulation, peptide C corresponding to VEGFC, the main physiological substrate of NRP2, interacts with Arg303, while this interaction is absent for A165 and B167, which, in contrast, interact with Asp301 through a water-mediated hydrogen bond. Arg303 and Asp301 are positioned within the L1 loop of the ligand-binding domain of neuropilins. This loop contains the most structurally divergent sequence region of b1 domain when comparing the amino acid sequences of NRP1 and NRP2. In NRP2, the L1 loop (YSDGRW) is one residue longer than that of NRP1 (YSTNW). While the MD simulations uncovered the potential of Arg303 to interact with the carboxyl group from the VEGF-C-derived peptide (Figure S4), in the crystal structures of NRP2, Arg303 is engaged in an internal ionic interaction with Asp315, which is maintained even when a peptidic ligand is present. However, our findings from MD simulations are consistent with the previously reported mutagenesis study, where the L1 loop was identified as a major contributor to NRP1/NRP2 selectivity for VEGFA [36].





4. Discussion


We examined a series of peptides corresponding to the C-terminal ends of the subset of physiological ligands for neuropilins. Specifically, we looked at the family of vascular endothelial growth factors which are involved in the formation, remodelling and function of the vasculature. While these ligands mediate their effects through interaction with VEGF receptors, the full activity and regulation of downstream processes requires the involvement of neuropilins. How the ternary complexes are assembled and how the physiological specificity is achieved is still not fully described. Here we examined the contribution to these processes made by the C-terminal binding sequences of the VEGF isoforms.



Several molecular mechanisms are usually involved in the control of the receptor tyrosine kinase activity such that interaction with the related ligands could be reflected in the activation of the distinct downstream signalling pathways and different cellular outcomes [37]. In the case of VEGFs/VEGF-Rs, we propose that the biased agonism of various VEGFs is enabled by neuropilins, acting as the non-catalytic coreceptors that stabilise the specific ligand/receptor interactions and the associated conformational state.



Crystals structures of the complexes between the b1 domain and the VEGF-derived peptides shown here exhibit only minor differences in their binding modes with only the most terminal residues of the peptides providing a significant contribution to the interactions with the neuropilin b1 domain irrespective of the peptide or the neuropilin. The structures further indicate that the remaining residues within the C-terminal regions are flexible and disordered, at least in the context of examined peptides. The values of the SPR-determined binding constants support these observations, revealing only minor differences in the strength of the interactions and suggesting that the physiological selectivity and ligand preferences of NRP1, compared to NRP2, is achieved through more complex mechanisms.



We employed MD simulations to complement our experimental approaches and uncovered a distinct pattern of conformational clusters that the VEGF-derived peptides populate upon the C-terminal arginine-mediated interaction with the b1 domain binding site. The data are consistent with the mechanism where the b1 domain provides a tethering point for the multiple, partially overlapping binding interfaces for these ligands. Within the full-length VEGFA165 and VEGFB167 proteins, the five C-terminal residues, expressed by Exon 8, are linked to the core cysteine knot domain that interacts with the VEGF-Rs via the so-called heparin-binding domains, expressed by Exon 7, and comprising about 50 residues (Figure 7A). In contrast, VEGFB186 and VEGFC are products of proteolytic processing by furin and in those proteins, the corresponding five C-terminal residues are linked to the core cysteine knot domains only via several-residues long linker, without the intervening heparin-binding domains (Figure 7A). Assembly of the specific ternary complex between one of the VEGF receptors (R1, R2 or R3) and one of the neuropilins (NRP1 or NRP2) together with the specific VEGF family member (A, B, C) would spatially restrain the orientation of the bridging peptide. The preferential interaction of different peptides with the surface of the neuropilins (Figure 7B) could be a contributor to selectivity through stabilisation of the conformational assembly competent in triggering the corresponding signalling response. In addition, the presence of a heparin-binding domain in VEGFA165 and VEGFB167 indicates that these proteins also interact with the heparan sulfate component of the extracellular matrix [38], further restricting the organization of the receptors/VEGF complexes on a cell membrane. This molecular mechanism not only explains the physiological selectivity between the members of the VEGF family but also supports the notion that selective inhibition of neuropilins and VEGF activity would require an understanding of the protein/protein interactions in the context of ternary signalling complexes. The work described here also illustrates the power of combining MD simulations with experimental binding data and structural analysis.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom12030372/s1, Figure S1: Thermal shift assays; Figure S2: SPR data; Figure S3: Radar plots; Figure S4: Interactions between NRP2-b1 Arg303 and the peptide C.





Author Contributions


C.E. carried out majority of the experiments and contributed to the writing of the manuscript. C.F., T.Y. and F.M. trained and assisted C.E. with the specific instrumentation. L.Y. carried out final structure refinements and deposition to PDB of the X-ray crystallographic coordinates. M.Z. carried out MD simulation and analysis. D.L.S. contributed to data analysis and manuscript revisions. S.D. designed the study, analysed data, and wrote the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded (in part) by funding from Magnus Life Sciences Ltd. for C.F. and T.Y.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The structures and the X-ray diffraction data were deposited to the PDB with accession numbers PDB ID: 6TKK, 6TDB, 6TJT.




Acknowledgments


We wish to acknowledge Daniel Raleigh, SMB UCL, for the review and discussion during the preparation of the manuscript.




Conflicts of Interest


The authors declare no conflict of interests.




Key abbreviations


NRPs—Neuropilin-1 and Neuropilin-2; NRP1—Neuropilin-1; NRP2—Neuropilin-2; NRP1-b1—b1 domain of Neuropilin-1; PDB—Protein Data Bank; SPR- Surface plasmon resonance.




References


	



Parker, M.W.; Guo, H.-F.; Li, X.; Linkugel, A.D.; Vander Kooi, C.W. Function of members of the neuropilin family as essential pleiotropic cell surface receptors. Biochemistry 2012, 51, 9437–9446. [Google Scholar] [CrossRef] [PubMed]

	



Pellet-Many, C.; Frankel, P.; Jia, H.; Zachary, I. Neuropilins: Structure, function and role in disease. Biochem. J. 2008, 411, 211–226. [Google Scholar] [CrossRef]

	



Lanahan, A.; Zhang, X.; Fantin, A.; Zhuang, Z.; Rivera-Molina, F.; Speichinger, K.; Prahst, C.; Zhang, J.; Wang, Y.; Davis, G.; et al. The neuropilin 1 cytoplasmic domain is required for VEGF-A-dependent arteriogenesis. Dev. Cell 2013, 25, 156–168. [Google Scholar] [CrossRef] [PubMed]

	



Pinskey, J.M.; Franks, N.E.; McMellen, A.N.; Giger, R.J.; Allen, B.L. Neuropilin-1 promotes Hedgehog signaling through a novel cytoplasmic motif. J. Biol. Chem. 2017, 292, 15192–15204. [Google Scholar] [CrossRef] [PubMed]

	



Glinka, Y.; Prud’homme, G.J. Neuropilin-1 is a receptor for transforming growth factor β-1, activates its latent form, and promotes regulatory T cell activity. J. Leukoc. Biol. 2008, 84, 302–310. [Google Scholar] [CrossRef] [PubMed]

	



Soker, S.; Takashima, S.; Miao, H.Q.; Neufeld, G.; Klagsbrun, M. Neuropilin-1 is expressed by endothelial and tumor cells as an isoform- specific receptor for vascular endothelial growth factor. Cell 1998, 92, 735–745. [Google Scholar] [CrossRef]

	



Martinez-Martin, N.; Marcandalli, J.; Huang, C.S.; Arthur, C.P.; Perotti, M.; Foglierini, M.; Ho, H.; Dosey, A.M.; Shriver, S.; Payandeh, J.; et al. An Unbiased Screen for Human Cytomegalovirus Identifies Neuropilin-2 as a Central Viral Receptor. Cell 2018, 174, 1158–1171.e19. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.-H.; Chen, Y.-L.; Lee, K.-H.; Chang, C.-C.; Cheng, T.-M.; Wu, S.-Y.; Tu, C.-C.; Tsui, W.-L. Glycosylation-dependent galectin-1/neuropilin-1 interactions promote liver fibrosis through activation of TGF-β- and PDGF-like signals in hepatic stellate cells. Sci. Rep. 2017, 7, 11006. [Google Scholar] [CrossRef] [PubMed]

	



Mayi, B.S.; Leibowitz, J.A.; Woods, A.T.; Ammon, K.A.; Liu, A.E.; Raja, A. The role of Neuropilin-1 in COVID-19. PLoS Pathog. 2021, 17, e1009153. [Google Scholar] [CrossRef] [PubMed]

	



Holmes, D.I.; Zachary, I. The VEGF family—Angiogenic factors in health and disease. Genome Biol. 2005, 6, 209. [Google Scholar] [CrossRef] [PubMed]

	



Jeltsch, M.; Kaipainen, A.; Joukov, V.; Meng, X.; Lakso, M.; Rauvala, H.; Swartz, M.; Fukumura, D.; Jain, R.K.; Alitalo, K. Hyperplasia of lymphatic vessels in VEGF-C transgenic mice. Science 1997, 276, 1423–1425. [Google Scholar] [CrossRef] [PubMed]

	



Baldwin, M.E.; Halford, M.M.; Roufail, S.; Williams, R.A.; Hibbs, M.L.; Grail, D.; Kubo, H.; Stacker, S.A.; Achen, M.G. Vascular endothelial growth factor D is dispensable for development of the lymphatic system. Mol. Cell. Biol. 2005, 25, 2441–2449. [Google Scholar] [CrossRef] [PubMed]

	



Karkkainen, M.J.; Haiko, P.; Sainio, K.; Partanen, J.; Taipale, J.; Petrova, T.V.; Jeltsch, M.; Jackson, D.G.; Talikka, M.; Rauvala, H.; et al. Vascular endothelial growth factor C is required for sprouting of the first lymphatic vessels from embryonic veins. Nat. Immunol. 2004, 5, 74–80. [Google Scholar] [CrossRef] [PubMed]

	



Olofsson, B.; Pajusola, K.; Kaipainen, A.; von Euler, G.; Joukov, V.; Saksela, O.; Orpana, A.; Pettersson, R.F.; Alitalo, K.; Eriksson, U. Vascular endothelial growth factor B, a novel growth factor for endothelial cells. Proc. Natl. Acad. Sci. USA 1996, 93, 2576–2581. [Google Scholar] [CrossRef]

	



Olofsson, B.; Korpelainen, E.; Pepper, M.S.; Mandriota, S.J.; Aase, K.; Kumar, V.; Gunji, Y.; Jeltsch, M.M.; Shibuya, M.; Alitalo, K.; et al. Vascular endothelial growth factor B (VEGF-B) binds to VEGF receptor-1 and regulates plasminogen activator activity in endothelial cells. Proc. Natl. Acad. Sci. USA 1998, 95, 11709–11714. [Google Scholar] [CrossRef]

	



Makinen, T.; Olofsson, B.; Karpanen, T.; Hellman, U.; Soker, S.; Klagsbrun, M.; Eriksson, U.; Alitalo, K. Differential binding of vascular endothelial growth factor B splice and proteolytic isoforms to neuropilin-1. J. Biol. Chem. 1999, 274, 21217–21222. [Google Scholar] [CrossRef]

	



Hagberg, C.E.; Mehlem, A.; Falkevall, A.; Muhl, L.; Fam, B.C.; Ortsäter, H.; Scotney, P.; Nyqvist, D.; Samén, E.; Lu, L.; et al. Targeting VEGF-B as a novel treatment for insulin resistance and type 2 diabetes. Nature 2012, 490, 426–430. [Google Scholar] [CrossRef]

	



Robciuc, M.R.; Kivelä, R.; Williams, I.M.; de Boer, J.F.; van Dijk, T.H.; Elamaa, H.; Tigistu-Sahle, F.; Molotkov, D.; Leppänen, V.-M.; Käkelä, R.; et al. VEGFB/VEGFR1-Induced Expansion of Adipose Vasculature Counteracts Obesity and Related Metabolic Complications. Cell Metab. 2016, 23, 712–724. [Google Scholar] [CrossRef]

	



Arjunan, P.; Lin, X.; Tang, Z.; Du, Y.; Kumar, A.; Liu, L.; Yin, X.; Huang, L.; Chen, W.; Chen, Q.; et al. VEGF-B is a potent antioxidant. Proc. Natl. Acad. Sci. USA 2018, 115, 10351–10356. [Google Scholar] [CrossRef]

	



Lee, C.C.; Kreusch, A.; McMullan, D.; Ng, K.; Spraggon, G. Crystal structure of the human neuropilin-1 b1 domain. Structure 2003, 11, 99–108. [Google Scholar] [CrossRef]

	



Vander Kooi, C.W.; Jusino, M.A.; Perman, B.; Neau, D.B.; Bellamy, H.D.; Leahy, D.J. Structural basis for ligand and heparin binding to neuropilin B domains. Proc. Natl. Acad. Sci. USA 2007, 104, 6152–6157. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, Y.-C.I.; Fotinou, C.; Rana, R.; Yelland, T.; Frankel, P.; Zachary, I.; Djordjevic, S. Structural studies of neuropilin-2 reveal a zinc ion binding site remote from the vascular endothelial growth factor binding pocket. FEBS J. 2016, 283, 1921–1934. [Google Scholar] [CrossRef]

	



Parker, M.W.; Linkugel, A.D.; Goel, H.L.; Wu, T.; Mercurio, A.M.; Vander Kooi, C.W. Structural basis for VEGF-C binding to neuropilin-2 and sequestration by a soluble splice form. Structure 2015, 23, 677–687. [Google Scholar] [CrossRef] [PubMed]

	



Parker, M.W.; Xu, P.; Li, X.; Vander Kooi, C.W. Structural basis for selective vascular endothelial growth factor-A (VEGF-A) binding to neuropilin-1. J. Biol. Chem. 2012, 287, 11082–11089. [Google Scholar] [CrossRef] [PubMed]

	



Teesalu, T.; Sugahara, K.N.; Kotamraju, V.R.; Ruoslahti, E. C-end rule peptides mediate neuropilin-1-dependent cell, vascular, and tissue penetration. Proc. Natl. Acad. Sci. USA 2009, 106, 16157–16162. [Google Scholar] [CrossRef] [PubMed]

	



Jarvis, A.; Allerston, C.K.; Jia, H.; Herzog, B.; Garza-Garcia, A.; Winfield, N.; Ellard, K.; Aqil, R.; Lynch, R.; Chapman, C.; et al. Small molecule inhibitors of the neuropilin-1 vascular endothelial growth factor A (VEGF-A) interaction. J. Med. Chem. 2010, 53, 2215–2226. [Google Scholar] [CrossRef] [PubMed]

	



Winter, G.; Lobley, C.M.C.; Prince, S.M. Decision making in xia2. Acta Crystallogr. D Biol. Crystallogr. 2013, 69, 1260–1273. [Google Scholar] [CrossRef]

	



Vonrhein, C.; Flensburg, C.; Keller, P.; Sharff, A.; Smart, O.; Paciorek, W.; Womack, T.; Bricogne, G. Data processing and analysis with the autoPROC toolbox. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 293–302. [Google Scholar] [CrossRef]

	



McCoy, A.J.; Grosse-Kunstleve, R.W.; Adams, P.D.; Winn, M.D.; Storoni, L.C.; Read, R.J. Phaser crystallographic software. J. Appl. Crystallogr. 2007, 40, 658–674. [Google Scholar] [CrossRef]

	



Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 486–501. [Google Scholar] [CrossRef]

	



Adams, P.D.; Afonine, P.V.; Bunkóczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.-W.; Kapral, G.J.; Grosse-Kunstleve, R.W.; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 213–221. [Google Scholar] [CrossRef] [PubMed]

	



Bowers, K.J.; Dror, R.O.; Shaw, D.E. The midpoint method for parallelization of particle simulations. J. Chem. Phys. 2006, 124, 184109. [Google Scholar] [CrossRef]

	



Bowers, K.J.; Chow, E.; Xu, H.; Dror, R.O.; Eastwood, M.P.; Gregersen, B.A.; Klepeis, J.L.; Kolossvary, I.; Moraes, M.A.; Sacerdoti, F.D.; et al. Scalable algorithms for molecular dynamics simulations on commodity clusters. In Proceedings of the 2006 ACM/IEEE Conference on Supercomputing, Tampa, FL, USA, 11–17 November 2006. [Google Scholar] [CrossRef]

	



Kaminski, G.A.; Friesner, R.A.; Tirado-rives, J.; Jorgensen, W.L. Evaluation and reparametrization of the OPLS-AA force field for proteins via comparison with accurate quantum chemical calculations on peptides. J. Phys. Chem. B 2001, 2, 6474–6487. [Google Scholar] [CrossRef]

	



Mota, F.; Fotinou, C.; Rana, R.R.; Chan, A.W.E.; Yelland, T.; Arooz, M.T.; O’Leary, A.P.; Hutton, J.; Frankel, P.; Zachary, I.; et al. Architecture and hydration of the arginine-binding site of neuropilin-1. FEBS J. 2018, 285, 1290–1304. [Google Scholar] [CrossRef]

	



Parker, M.W.; Xu, P.; Guo, H.F.; Vander Kooi, C.W. Mechanism of Selective VEGF-A Binding by Neuropilin-1 Reveals a Basis for Specific Ligand Inhibition. PLoS ONE 2012, 7, e49177. [Google Scholar] [CrossRef] [PubMed]

	



Trenker, R.; Jura, N. Receptor tyrosine kinase activation: From the ligand perspective. Curr. Opin. Cell Biol. 2020, 63, 174–185. [Google Scholar] [CrossRef] [PubMed]

	



Krilleke, D.; Ng, Y.-S.E.; Shima, D.T. The heparin-binding domain confers diverse functions of VEGF-A in development and disease: A structure-function study. Biochem. Soc. Trans. 2009, 37, 1201–1206. [Google Scholar] [CrossRef]








[image: Biomolecules 12 00372 g001 550] 





Figure 1. Illustration of the quality of the electron density maps within the ligand-binding sites of NRP1-b1/B186 (left), NRP2-b1/C (centre panel) and NRP2-b1/B167 complexes (right panel). Fo-Fc omit maps were calculated for the peptide ligands and displayed at 3.0, 1.5 and 1.5 σ levels for B186, C and B167 peptides, respectively. In each of the panels, the main residues forming the ligand-binding site are labelled and the hydrogen bonds between the ligand and the protein side chains are indicated by dashed lines. For clarity, water molecules are excluded from these images. Note that in the crystal structure of the NRP1-b1/B167 complex, the C-terminal arginine of the peptide forms hydrogen bonds only with one of the D323 atoms. In the structure of the NRP2-b1/B167 complex, one of the peptides bridges two molecules of NRP2-b1 protein and the electron density for the entire peptide is shown. 
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Figure 2. (A). The content of the asymmetric unit within the structure of NRP2-b1 domain in a complex with B167 peptide. Four molecules are shown as grey ribbons while the peptidic ligands are represented as sticks coloured by atoms. The two peptides with only two/three modeled amino acids are at the top and the bottom, whereas the peptide with five modeled amino acids (represented in Figure 1, right) is in the center. (B). Close-up view of interactions between B167 peptide and the two neuropilin chains within the crystal structure. The residues within the peptide sequence RKLRR are labeled and the N-terminal acetylated arginine of the peptide is indicated by Ac-R. The structures are shown as sticks with the neuropilin carbon atoms within chains A and B coloured grey while the carbon atoms of B167 peptide are coloured green. All nitrogen and oxygen atoms in the figure are coloured blue and red, respectively. Hydrogen bonds formed by the peptide are denoted by dashed yellow lines. 
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Figure 3. Representative structures of NRP1 in complex with peptides (A) C(cyan), (B) B167 (blue), (C) B186 (yellow), (D) A165 (green) and (E) control (red). Centroids of the most populated clusters for each of the complexes were extracted from trajectories of 30 ns molecular dynamics simulations, with NRP1 shown as a grey ribbon and Glu348 in CPK representation, while the peptides were shown as solvent-accessible surfaces. Differences in the molecular surfaces for each of the peptides will result from the combination of different backbone conformations and the size of the side chains within the sequences of the specific peptides. 
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Figure 4. Sampled conformational space of NRP1-peptide complexes. Representative structures of the ten most populated clusters obtained from two repeats of 30 ns molecular dynamics simulations were ovelayed for each complex, (A) top view, (B) side view that corresponds to the orientation of the top view and (C) side view rotated by 90°. NRP1 is shown as ribbons with beta strands coloured blue and loops coloured grey. Peptides are denoted by using single colours: C—cyan; B167—blue; B186—yellow; A165—green and control red. 
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Figure 5. Representative structures of NRP2 in complex with peptides (A) C (cyan), (B) B167 (blue), (C) B186 (yellow), (D) A165 (green) and (E) control (red). Centroid of the most populated clusters were extracted from trajectories of 30 ns molecular dynamics simulations, with NRP2 shown as a grey ribbon and Glu351 in CPK representation, while the peptides were shown as solvent-accessible surfaces. 
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Figure 6. Sampled conformational space of NRP2 peptide complexes. Representative structure of ten most populated clusters obtained from two repeats of 30 ns molecular dynamics simulations were ovelayed for each complex, (A) top view, (B) side view that corresponds to the orientation of the top view and (C) side view rotated by 90°. NRP2 is shown as ribbons with beta strands coloured blue and loops coloured grey. Peptides are denoted by using single colours: C—cyan; B167—blue; B186—yellow; A165—green and control red. 
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Figure 7. Different VEGF proteins use an overlapping binding site on the b1 domain of neuropilins. (A) Domain organization of VEGFA165, VEGFB167, VEGFB186 and VEGFC showing the C-terminal peptide sequences used in this study. The core cysteine-knot domains are colored grey, and the heparin-binding domains are shown in blue. Intermolecular disulfide bonds linking the cysteine-knot domains are illustrated by red lines. Both cysteine-knot domains and heparin-binding domains also contain intramolecular disulfide bonds, but for clarity, these have not been included in the diagram. (B) A schematic diagram illustrating how different peptides could be anchored into the NRP-b1 binding site by the C-terminal arginine (represented as sticks) but oriented differently above the molecular surface of the NRP1 or NRP2 b1 domains. NRP-b1 domain is represented in light blue, while the molecular surfaces of the various peptides are shown as dark blue, orange and pink for A165, B167 and C, respectively. Within the simplified representation of the NRP-b1 domain, starting from the left, the amino acid names indicate the relative positioning of TYR297/299, Asp320/323, Tyr353/356, Thr349/352 and Ser346/349 in the NRP1/NRP2 binding sites. 






Figure 7. Different VEGF proteins use an overlapping binding site on the b1 domain of neuropilins. (A) Domain organization of VEGFA165, VEGFB167, VEGFB186 and VEGFC showing the C-terminal peptide sequences used in this study. The core cysteine-knot domains are colored grey, and the heparin-binding domains are shown in blue. Intermolecular disulfide bonds linking the cysteine-knot domains are illustrated by red lines. Both cysteine-knot domains and heparin-binding domains also contain intramolecular disulfide bonds, but for clarity, these have not been included in the diagram. (B) A schematic diagram illustrating how different peptides could be anchored into the NRP-b1 binding site by the C-terminal arginine (represented as sticks) but oriented differently above the molecular surface of the NRP1 or NRP2 b1 domains. NRP-b1 domain is represented in light blue, while the molecular surfaces of the various peptides are shown as dark blue, orange and pink for A165, B167 and C, respectively. Within the simplified representation of the NRP-b1 domain, starting from the left, the amino acid names indicate the relative positioning of TYR297/299, Asp320/323, Tyr353/356, Thr349/352 and Ser346/349 in the NRP1/NRP2 binding sites.



[image: Biomolecules 12 00372 g007]







[image: Table] 





Table 1. Peptides used in the study. Ac denotes Acetyl-group.
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	Protein
	Peptide Sequence
	Name in the Manuscript





	VEGFA165
	Ac-DKPRR
	A165



	VEGFB167
	Ac-RKLRR
	B167



	VEGFB186
	Ac-RPQPR
	B186



	VEGFC
	Ac-SIIRR
	C



	Control
	Ac-AAAAR
	Con
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Table 2. Dissociation constants for interactions between the VEGF-derived peptides and the b1 domains of NRP1 and NRP2, as determined by surface plasmon resonance experiments. SE is a standard error for the KD values.
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	Peptide
	NRP1-b1 KD (μM)
	SE
	NRP2-b1 KD (μM)
	SE





	A165
	7.87
	0.22
	30.90
	0.93



	B167
	4.12
	0.36
	13.00
	0.56



	B186
	10.00
	0.29
	24.80
	0.82



	C
	33.20
	1.30
	27.10
	0.96



	Con
	33.10
	2.60
	92.20
	13.00
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Table 3. Table of crystallographic data and model quality for structures produced in this study.
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NRP1-b1/B186

	
NRP2-b1/B167

	
NRP2-b1/C




	
PDB Code

	
6TKK

	
6TDB

	
6TJT






	
Data collection




	
Space group

	
P 21 21 21

	
C 1 2 1

	
P 1 21 1




	
Unit cell

	
38.88

	
39.98

	
97.61

	
107.36

	
140.12

	
74.36

	
38.24

	
76.54

	
63.36




	
90

	
90

	
90

	
90

	
132.97

	
90

	
90

	
96.06

	
90




	
Wavelength, Å

	
0.976

	
0.977

	
0.976




	
Resolution low, Å

	
48.81

	
70.06

	
63.00




	
Resolution high, Å

	
1.06

	
2.45

	
1.31




	
Outer resolution shell, Å

	
1.09–1.06

	
2.58–2.45

	
1.38–1.31




	
CC half

	
0.999 (0.559) *

	
0.996 (0.738)

	
0.998 (0.905)




	
Average I/sigma(I)

	
29.4 (12.3)

	
10.6 (2.3)

	
12.6 (2.3)




	
Redundancy

	
5.5 (1.5)

	
3.4 (3.4)

	
3.1 (2.4)




	
Completeness, %

	
80.2 (12.3) *

	
98.9 (99.7)

	
98.9 (97.2)




	
No. unique reflections measured

	
55,937 (645)

	
29,170 (4278)

	
86,786 (12,438)




	
Refinement




	
Resolution low, Å

	
48.805

	
70.06

	
48.64




	
Resolution high, Å

	
1.06

	
2.45

	
1.31




	
Unique reflections work/free

	
53,084/2785

	
27,731/1428

	
82,426/4267




	
R value work/free

	
0.1361/0.1495

	
0.1827/0.2497

	
0.1533/0.1790




	
No. of atoms

	
1543

	
5471

	
2955




	
Ramachandran plot, favoured/allowed/outliers, %

	
97.48/2.52/0.00

	
92.66/6.70/0.64

	
95.87/4.13/0.00




	
RMSD bond lengths, Å

	
0.012

	
0.004

	
0.008




	
RMSD bond angles, °

	
1.299

	
0.691

	
1.095








Numbers in brackets refer to the values for the outer resolution shell. * Estimates of the overall resolution limit for all data sets were made based on the half-dataset correlation, CC(1/2). Data for 6TKK has 90.09% completeness at 1.10 Å.
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Table 4. Interaction of peptides with NRP1 deconvoluted as fraction time of contact occurrence per protein residue during 30 ns production simulation.
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Fraction Time of Interaction Occurrence (%)




	
Residue

	
Binding Mode

	
A165

	
B167

	
B186

	
C

	
Control






	
Y297

	

	
51

	
40

	
88

	
52

	
38




	
N300

	
WB

	
51

	

	
52

	
45

	




	
W301

	

	
96

	
72

	
98

	
93

	
68




	
N313

	
WB

	
52

	
33

	
43

	
51

	




	
T316

	

	
96

	
94

	
74

	
95

	
96




	
D320

	
BF

	
99

	
99

	
99

	
99

	
99




	
S346

	

	
98

	
81

	
99

	
97

	
63




	
K347

	
WB

	
32

	
60

	
47

	
33

	
30




	
E348

	

	
57

	
93

	

	
53

	




	
WB

	

	

	
58

	
52

	




	
T349

	

	
47

	

	

	
52

	




	
K351

	
WB

	

	

	
32

	

	




	
Y353

	

	
35

	

	
67

	

	








WB—water bridge; BF—bifurcated interaction with two groups in the ligand.
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Table 5. Interaction of peptides with NRP2 deconvoluted as a fraction time of contact occurrence per protein residue during 30 ns production simulation.
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Fraction Time of Interaction Occurrence (%)




	
Residue

	
Binding Mode

	
A165

	
B167

	
B186

	
C

	
Control






	
Y299

	

	
31

	
64

	
86

	
32

	
85




	
D301

	
WB

	
88

	
100

	
97

	

	
93




	
R303

	

	

	

	
30

	
100

	




	
WB

	

	
42

	

	

	
93




	
W304

	

	
98

	
99

	
78

	
41

	
98




	
T319

	

	
96

	
75

	
80

	
92

	
71




	
D323

	
BF

	
99

	
99

	
99

	
99

	
98




	
S349

	

	
89

	
74

	
67

	
67

	
54




	
R350

	
WB

	
61

	

	

	

	




	
E351

	

	
37

	
74

	
63

	
55

	




	
BF

	
48

	
30

	
30

	

	




	
T352

	

	
56

	
99

	
78

	
81

	
60




	
Y356

	

	
99

	
98

	
94

	
99

	




	
I418

	

	
57

	

	

	
50
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