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Abstract

The Plexin family of transmembrane receptors are unique in that their intracellular region interacts 

directly with small GTPases of the Rho family. The Rho GTPase binding domain of plexin (RBD)

—which is responsible for these interactions—can bind with Rac1 as well as Rnd1 GTPases. 

GTPase complexes have been crystallized with the RBDs of plexinA1, -A2, and -B1. The protein 

association is thought to elicit different functional responses in a GTPase and plexin isoform 

specific manner, but the origin of this is unknown. In this project, we investigated complexes 

between several RBD and Rac1/Rnd1 GTPases using multimicrosecond length all atom molecular 
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dynamics simulations, also with reference to the free forms of the RBDs and GTPases. In accord 

with the crystallographic data, the RBDs experience more structural changes than Rho-GTPases 

upon complex formation. Changes in protein dynamics and networks of correlated motions are 

revealed by analyzing dihedral angle fluctuations in the proteins. The extent of these changes 

differs between the different RBDs and also between the Rac1 and Rnd1 GTPases. While the 

RBDs in the free and bound states have similar—if not decreased—correlations, correlations 

within the GTPases are increased upon binding. Mapping highly correlated residues to the 

structures, it is found that the plexinA1, -B1, and -A2 RBDs all have similar communication 

pathways within the ubiquitin fold, but that different residues are involved. Dynamic network 

analyses indicate that plexinA1 and -B1 RBDs interact with small GTPases in a similar manner, 

whereas complexes with the plexinA2 RBD display different features. Importantly complexes with 

Rnd1 have a considerable number of dynamic correlations and network connections between the 

proteins, whereas such features are missing in the RBD–Rac1 complexes. Overall, the simulations 

suggest mechanisms that are consistent with the experimental data on plexinB1 and indicate RBD 

and GTPase isoform specific changes in protein dynamics upon complex formation.

Graphical Abstract

INTRODUCTION

Plexins are a family of transmembrane receptors with 9 isoforms in humans (plexinA1–A4, 

B1–B3, C1, and D1) and are widely expressed in a variety of cells especially those 

belonging to the nervous, cardiovascular, skeletal, renal but also immune systems. Plexins 

regulate cell migration, adhesion, and targeting processes, for example in axon and blood 

vessel guidance, and misregulated or dysfunctional plexin also participates in cancer cell 
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mobility (metastasis).1–5 To execute their functions, plexins receive guidance cues by 

binding semaphorin ligands to their extracellular domain, then transmitting this signal to the 

intracellular domains which participate in several cell signaling pathways that involve Ras 

and Rho GTPases. Highly unusual for transmembrane receptors is the direct binding of 

several different Rho family GTPases to an intracellular domain, named the Rho GTPase 

binding domain (RBD).

Several years ago we identified the Rho GTPase binding region of plexin-B1 as a domain 

with an ubiquitin fold. The 5 β-strands have an α-helix sitting on top and a short helix near 

the GTPase binding site, but by contrast to ubiquitin several long loops (L1, L2, and L4) are 

inserted as well as a short loop, L3, near the binding site (see Figure 1a).6,7 The secondary 

structure of RBD-B1 is shown on the top of Figure 1b. Rho GTPases have the Ras family 

superfold, consisting of 6–7 α-helices and 5–6 β-strands as the secondary structures shown 

on the top of Figure 1c, but special to this family, Rho GTPases have one helix inserted after 

α-helix4 (res. 110 in Rac1). The protein can be roughly divided into two subdomains: β, 

residues 1–86 and α, residues 87–end. The Rac1 GTPase Switch I (res. 27–44) and Switch 

II (res. 60–74) regions, shown in Figure 1a, are conformationally sensitive to the nature of 

the nucleotide that is bound.8 The GTP form is active and binds effector proteins, such as 

plexin.

Cell biology studies have suggested that Rnd1 (a homologue of Rac1) and the Rac1 GTPase 

play different roles in plexinB1 signaling. While Rac1 and Rnd1 both bind to plexinB1, only 

clustering of the receptors in the presence of Rnd1 leads to the activation of its function in 

cell collapse.9,10 Rac1 may simply be bound and be removed (sequestered away) from other 

effectors, which signal to the cytoskeleton, such as PAK.11 By contrast to plexinB1, a 

sequential binding model was proposed for plexin-A1. Here Rac1 binds first and activates 

the plexinA1 for Rnd1 binding, which in turn stimulates function.12 These observations 

suggest an important conformational change takes place and together, imply an isoform/

family specific function on the Rho GTPase-, as well as on the plexin side. However, the 

exact molecular mechanism for plexins to function in the different signaling pathways is still 

unknown. Especially the role of Rho GTPase binding is unclear, if not controversial.13,14

The “dimer-monomer/conformational change” model proposes binding events at the plexin 

intracellular and extracellular domains synergize to regulate the receptor in a manner that 

involves both outside-in as well as inside-out cellular signaling and that this bidirectional 

signaling is set up with the help of Rho GTPases that bind to the RBD.15 This complex 

formation may cause a substantial conformational change, such as a shift in a dimer to 

monomer equilibrium of the cytoplasmic region, as originally proposed by our laboratory for 

plexinB1.16 However, several crystal structures of plexinB1 and plexinA family members 

did not reveal large structural changes upon complex formation with Rac1 or Rnd1 GTPases 

at the domain level.17–20 Nevertheless, one crystal structure implied that the Rho GTPases 

may have a functional role in stabilizing a trimeric state of plexin-B120 via interdomain 

contacts.

It is not clear to what extent the crystal structures represent the available or relevant states 

for the cell signaling mechanism—even if the structural changes are subtle, it is anticipated 
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that there are significant changes in protein dynamics upon GTPase binding to plexins. 

Some of these dynamical allosteric changes were revealed by an NMR relaxation study of 

the plexinB1 RBD:Rac1 complex.21 15N–1H NMR relaxation parameters for the plexinB1 

RBD in solution for the monomer and dimer form as well as for the plexinB1 RBD:Rac1 

complex have been reported.21–23 The data on the amplitude and correlation times of ps-ns 

time scale motions suggested the presence of coupling networks/correlated fluctuations that 

are altered upon complex formation.

Binding affinity measurements using isothermal titration calorimetry, comparing the 

formation of RBD-B1:Rac1 and RBD-B1:Rnd1 complexes, suggested a different 

thermodynamic origin for the interaction, with the latter being dominated by entropy 

changes upon binding. Furthermore, the measurements revealed a pH dependence of the 

interaction, with a lower pH of 6.0 leading to 2-fold greater binding than seen at a pH of 

7.4.24 Since the pH can be lowered in cancer cells and at membranes, it has been suggested 

that low pH states of proteins may have a functional role in cell signaling [e.g., ref 25,26]. 

Preliminary NMR data on the RBD-B1:Rac1 complex at low pH suggest that this may well 

be the case as there are two histidines (His74 and 98) near the RBD-B1–GTPase contact 

interface (unpublished results).

The present report provides results from an ongoing project designed to reveal the allosteric 

nature of changes in plexin and GTPase dynamics by running microsecond long simulations 

on the Anton supercomputer.27 Previous work suggested that the plexinB1 RBD domain can 

transmit signals through allosteric mechanisms to faraway sites of the RBD domain.28,29 

Also the bound Rac1 GTPase can have strong correlations in dynamics.21 Meanwhile, 

structures of several plexin RBD–GTPase complexes have been solved by crystallography, 

and we previously analyzed contacts in plexin:Rnd1 crystal structures.30 A similar analysis 

has not yet been carried out to the same level of detail for plexin:Rac1 complexes, forming 

an additional impetus for the work reported here. Following our published work and a recent 

report of allosteric networks in a GTPase–effector protein complex by Greg Buhrman and 

colleagues,22 we analyzed the structural and dynamics behavior of several plexin RBD and 

GTPase complexes. We have used the crystal structures of the complexes, but also of the free 

proteins structures as starting coordinates for long time-scale all atom MD simulations 

(either 1.0 or 2.4 μs). We examined the trajectories using dihedral angle cross-correlations as 

well as a network dynamics analysis. The simulations show that subtle isoform specific 

differences are propagated from the interfaces that differ in the details of contacts which are 

made between the proteins. As a consequence different patterns of correlated motions 

emerge across the complexes, showing that Rnd1 complexes are more tightly connected 

compared to Rac1 complexes. The possible biological implications of these findings are 

discussed.

MATERIALS AND METHODS

Simulation Setup

In total 14 simulations were performed in this project. For the initial plexinB1 and -A1 RBD 

bound with Rac1 GTPase, the structures were extracted from the X-ray coordinates by 

deleting the remainder of the plexin coordinates [of PDB ID of 3SU8, ref 20 and PDB ID 
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3RYT, ref 18, respectively]. In the case of the plexinA2 and -B1 RBD:Rnd1 complexes, the 

X-ray structures were used directly [PDB ID 3Q3J19 and 2REX,16 respectively]. Missing 

residues/side chains were filled using the Modeler program.31 For all complexes both the 

histidine in protonated state (HSP state) and in a deprotonated state (HSD state) were 

investigated. Besides those complexes, the free state of the RBDs and GTPases were 

simulated: plexinB1 RBD (res. 1548–1656; denoted here as res.6–114 to be consistent with 

previous studies) referred to as RBD-B1 [the higher electron density unit of dimer was used 

from PDB ID 2REX16]. As above, the RBD domains were taken from the full length 

intracellular domain structure for plexinA1. For Rac1 and Rnd1 (PDB IDs 1MH1 and 2CLS, 

respectively), GMPPNP, used as a nonhydrolyzable analogue in crystallography was 

replaced by GTP in this project, in the free as well as RBD bound GTPases. Table S1 gives 

an overview of all simulations and Figure S1 shows the amino acid sequences of all proteins 

used. For convenience we use a local numbering scheme for the RBD domains, relative to 

the numbering of the well characterized plexinB1 RBD, that is based on the alignment with 

the highly conserved turn between the second β-strand and the first α-helix.

The CHARMM program (version 36 or higher)32 was used to set up the systems by 

solvating the complex or the individual protein in a rectangular box of explicitly represented 

water (TIP3P), and initially placing the nearest protein atom at least 10 Å from a box wall. 

The box sizes only varied slightly, except for the RBD-B1:Rac1 complex (protonated form) 

which was rerun using a moderately increased cubic box. Counterions were added to 

neutralize each system and further Na+ and Cl–ions were added to bring up the NaCl 

concentration to 0.15 M. After brief minimization and gradual heating and equilibration, 

unrestrained all-atom molecular dynamics simulations were performed at a temperature of 

300 K and a pressure of 1 atm using the NAMD program ver. 2.833 with a time step of 2 fs. 

The standard particle mesh Ewald method was used with periodic boundary conditions to 

calculate the long-range electrostatic interactions of the system. The CHARMM 22 all-atom 

potential function34 was used with CMAP correction.35 The GTP parameters were not 

available at the start of the project and were developed with the help of Dr. Alexander 

MacKerell at University of Maryland (these parameters are now part of CHARMM3636). 

For nonbonded calculations, a cutoff of 12 Å was used. All bonds involving hydrogen were 

kept rigid using the SHAKE algorithm. For each system listed above, at least 20 ns of 

NAMD simulations were performed to equilibrate the systems before the simulations were 

continued on Anton26 for 1.0 μs and in some cases to 2.4 μs.

Simulation Analysis

After aligning the molecule/complex on the starting X-ray structures or by aligning the 

individual proteins on their starting structure, root mean squared deviations (RMSD) were 

calculated for the entire mainchain of the complex and individual proteins. Similar to RMSD 

analysis, the root mean squared fluctuations (RMSF) were calculated for the mainchain by 

superposition of the individual proteins on the trajectory average structure using CHARMM.

Dihedral angle correlations20 were calculated as described in the Supporting Information.

Dynamical network analysis: To indicate which residues have the strongest interactions, a 

dynamical network analysis was carried out as done previously for the monomeric and 
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dimeric RBD of plexinB1.29 The network model was built by the NetworkView plugin of 

VMD37 and the program Carma.38 In the network, nodes are single atoms or clusters of 

atoms, but here each Ca was treated as one node. The edge between nodes was defined if 

they are within at least 4.5 Å for at least 75% of the trajectory. An optimized communication 

pathway is derived from the shortest communication pathway, which is predicted based on 

the community network calculation. A community network is derived from dynamic cross-

correlation calculations between nodes based on the microsecond long MD trajectories.

As a comparison, the Bio-3D program40,41 was also applied to predict the community nodes 

and communication pathways. Similar results were observed between Bio-3D and dynamic 

network analysis.

Analysis of residue contacts at the RBD–GTPase interfaces: The program ligplot/dimplot39 

was used to examine both initial and final structures using a maximum D(donor)-

A(acceptor) distance cutoff of 3.2 Å and an angle cutoff of 90 deg for hydrogen bonds, with 

no angular restrictions on other atom–atom contacts. Contact pairs in either structure were 

monitored over the course of the trajectory and the frequency of contact was tabulated based 

on the calculations from hydrogen bonds plugin from the VMD program using the same 

settings.

RESULTS

RBD-GTPase Complexes Are Stable in μs MD Simulations

In order to investigate the structural changes and dynamic fluctuations in RBD:GTPase 

complexes we carried out a total of 8 single microsecond or multi-microsecond all-atom 

simulations on four complexes and 6 reference simulations on the free proteins (see Table S1 

in SI). Simulations of the protein complexes were carried out with neutral histidines 

(denoted HSD) and with positively charged groups (HSP), presenting a low pH state. As 

several of the histidines are near or at the RBD–GTPase interface (on both proteins), this 

allowed us to probe the likely effect of low pH interactions involving these histitines (see 

section Binding Interface Interactions below).

Root mean square deviations (RMSDs) provide a measure for how far the structures depart 

from the initial coordinate set. All the simulations appear to have reached equilibrated states 

and reasonably well maintained the X-ray determined structures of the complexes, as judged 

by a plateauing of the RMSD values. The time course of RMSDs for the unbound RBD of 

plexinB1, Rac1 GTPase in the free state, and their complexes are shown in Figure S2 in the 

Supporting Information.

The RMSDs are also given as averages over the last 500 ns of each simulation in Table S3. 

Free Rnd1 fluctuates more than free Rac1 (see also RMSF below), RBD-A2 and -B1 deviate 

more from their starting structures than free -A1. In the complexes this situation is reversed 

as far as the RBDs are concerned, but on average the GTPases deviate more from their 

starting structures than the free proteins. The complexes as a whole undergo larger 

fluctuations arising from changes in the orientations of the two proteins relatively to one 

another; still this is more pronounced in case of RBD-B1 complexes compared to the others. 
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There are no consistent differences between protonated and deprotonated His simulations in 

terms of RMSD, except that the difference arises more from the RBDs at the different pH 

than from the GTPases.

Figure 1a shows a comparison of the final structures of RBD and Rac1 GTPase in complex 

with the final simulation coordinates of their free forms. It is apparent that the L1, L3, and 

L4 loops on the RBD show the largest structural differences from the free proteins. The 

same is true for a part of the Rac1 Switch I, Switch II and the β2–3 turn regions. It should be 

noted that all these regions are known to be flexible in the unbound states of both proteins.21 

On binding it may be anticipated that the dynamics is reduced—an issue that was 

investigated by an RMSF analysis.

Larger Scale Fluctuations Are Localized in the Free Proteins and RBD-GTPase Complexes

In order to find out which regions in the plexinB1 RBD and in the Rac1 GTPase, for 

example, undergo larger structure fluctuations in the free and bound forms, root mean 

squared fluctuations (RMSFs) were calculated and are shown in Figure 1b,c. RMSF 

provides information about the local fluctuations relative to the simulation average structure. 

Here we superimposed by protein in the complex.

Relative to the free RBD, fluctuations of L3 and L4 are slightly attenuated in the complex as 

they are located in the RBD near the GTPase binding interface. By contrast, larger 

fluctuations occur in the switch regions of Rac1 when bound to the RBD. After binding, 

RMSF of L1 loop is increased. In RBD-A1 and -A2, the L1 loop is shorter and less flexible 

both in the free and bound states, showing no substantial changes. In order to quantitatively 

show the structural fluctuations in the RBDs and GTPases for the regions listed above, the 

average RMSF and the standard deviations for those regions are shown in the Table 1a,1b.

In summary, on average the bound form of the RBD in the protonated (HSP) state has a 

higher average RMSF compared to its free form, while its bound form in the deprotonated 

(HSD) state has a lower average RMSF than that of the free form. With exception of the 

RBD-B1:Rac1 (HSD) simulations, the Rac1/Rnd1 GTPases have on average slightly less 

structural fluctuations in the β2-β3 and SW2 in their free form, compared to their bound 

forms, but the trend in SW1 is the opposite. In several of the simulations the higher RMSF 

arises because the SW1 region opens up modestly/slightly and moves away from the 

nucleotide compared to the structure seen in the free protein.

Covariance Analysis in Dihedral Angle Changes Suggests Longer Range Correlations

Recently we analyzed the dynamics of the plexinB1 RBD monomer and dimer using a 

dihedral analysis,20 also described in the Supporting Information. This analysis avoids the 

long-range correlations in inter-residue distance analyses that are spuriously introduced due 

to changes in the overall frame of the protein, and especially in case of protein complexes. 

Figure 2 shows a comparison of the circular covariance analysis for the PlexinB1 RBD 

bound with Rac1 GTPase and the free plexinB1 RBD, Rac1 GTPase. As can be seen, the 

RBD in the free state has overall similar correlations to its bound state; the Rac1 GTPase in 

the free state has much less correlations than in its bound state. The results for plexinB1 

RBD bound with Rac1 GTPase in HSD and HSP states are very similar to each other (shown 
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in Figure S2). PlexinB1 RBD bound with Rnd1 GTPase in HSD and HSP states are very 

similar to each other too (as shown in Figure S3).

Figure 2 shows that L1, L3, L4 loop as well as other regions are highly correlated in the free 

RBD whereas no region shows significant long-range correlation in the free Rac1 GTPase. 

Upon complex formation correlations of L1 in the RBD are diminished but L3 and L4 and 

the SW I and SW II regions are highly correlated in both the HSD and HSP states (Figure 

S2). Remarkably those four regions are also highly correlated across the protein–protein 

interface in the complex.

At the residue level, however, changes are more diverse and we mapped some of the most 

correlated residues onto the structure: We observe correlations that are consistent with 

previous findings published in ref 29; for example, residue 21 in L1 of the RBD-B1 in the 

free state, has strong correlations with other regions. Once bound with Rac1, the correlations 

between residue 21 and other residues decreased significantly in HSP state, and even more 

so in the HSD state. By contrast, residue 81, another residue with strong correlations, 

located at the beginning of L4, shows strongly correlated motions with other regions in both 

free and bound states as shown in Figure 3. Do these individual correlations go across the 

protein–protein interface? In case of residue 21, this residue is far away from the interface 

and only very mild correlations are observed with residues in Rac1. By contrast, residue 81 

is near the binding interface and correlations seen into the GTPase are much stronger, 

penetrating the protein up to 2–3 layers deep (e.g., residue 14 at the end of β-strand 1 of 

Rac1 GTPase).

On the side of the Rac1-GTPase, we saw that the bound state has much stronger correlations 

than the free state. Results are shown in Figure 4, using residue 38 (in the SW1 region) and 

residue 63 as examples. Especially residue 63 shows good local cross correlations, which are 

substantially strengthened in the RBD-B1 bound HSP but not HSD state. Correlations 

involving residue 38 are strengthened and become longer range in the complex, especially in 

the HSD state (Figure 4d, left).

Analysis of covariance matrices and structure mapped results for plexinA1 RBD bound with 

Rac1 (Figures S4 and Figure S6) revealed results broadly similar to those above. Again, the 

RBD of plexinA1 has overall similar correlations in the bound and free forms, while Rac1 

has stronger correlation in the bound form.

Results for the dihedral cross-correlation analysis of the PlexinA2 RBD:Rnd1 complex, in 

comparison with the free proteins are shown in the Figures S5 and Figure S7. Highly 

correlated regions were found in common between the HSP and HSD states, but they are 

stronger within the Rnd1 HSD state protein. Intriguingly the pattern of correlations is 

already strong in the free form of Rnd1 (compared to free Rac1 which had only very few 

correlations) and this pattern is slightly shifted upon RBD-A2 binding. However, by contrast 

to plexinB1 and -A1 RBDs, the correlations within the unbound -A2 RBD are weaker and 

become strengthened upon GTPase binding.

Compared to the free Rac1 protein (Figure 2), free Rnd1 has more regions with considerable 

cross-correlations as shown in Figure S7. However, in both the correlations mainly exist in 
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the β-subdomain; correlations between β and α-subdomains are strengthened upon RBD 

binding. Similar to the RBD-A1 Rac1 complex as shown in Figures S4, S6, correlations in 

Rnd1 are strengthened by protein association in the GTPase but not in the RBD, where 

nearly all dihedral angle cross-correlations are diminished (again contrasting to Rac1 bound 

RBD-B1 where only L1 was diminished). While the cross-correlated motions are diminished 

in the RBD, the binding interface β3 region is cross-correlated with several regions of Rnd1 

across the interface. Cross interface correlations are also observed for a region at the end of 

the C-terminal strand β5. An addition, for the RBD-B1:Rnd1 complex, there are correlations 

between the end of the RBD strand β1 and regions of the GTPase.

Focusing on the RBD domains only and extracting the highly correlated regions from the 

covariance matrixes, then mapping the correlation coefficients on the structures, we 

observed highly correlated residues in the structures of RBD-B1, RBD-A1, and RBD-A2, 

such as residue 81, 87, and 77, respectively, shown in Figure 5. It should be noted that the 

identity of the correlated residues in the RBDs is altered due to differences in the amino acid 

sequence and detailed residue intraprotein interactions. However, a similar pattern emerges, 

also consistent with our previous studies:28,29 The most flexible loop L4, whose motion is 

dampened by GTPase binding, is distantly correlated with motions of the L1 loop, with the 

β-strand 4 and the α-helices likely serving as conduits.

Based on Figures 2, S6, S7, and S8, but with some exceptions (e.g., Rnd1 bound RBD-B1), 

the RBDs in the bound state show highly correlated key regions similar to their free state 

although the correlations are stronger in the free state. Some neighboring residues are also 

modestly correlated in the bound state. Thus, the possible communication pathways in the 

bound state of the RBDs are overall expected to be similar to the free state.

Dynamic Network Analysis Reveals Significant Cross-Communication between RBD-Rnd1 
Compared to RBD-Rac1 Complexes

The dihedral angle covariance matrixes revealed a set of highly correlated residues as shown 

in Figure 5 for the free state of RBD-B1, RBD-A1, and RBD-A2. A dynamic network 

analysis was performed on the three RBDs in both the free and bound forms to find out 

possible communication pathways which connect these residues. We followed the same 

dynamic network analysis method and settings as in ref 29 (see also Materials and Methods 

Section). The results are shown in Figure S9. Comparing to Figure 5, Figure S9 revealed 

similar possible communication pathways inside RBDs.

We also compared the community networks, which represents the dynamic correlation 

between nodes, for RBDs in the free and bound form, with results shown in the Figure 6.

In the RBD-B1 free form, there are in total 10 communities (each shown in different colors), 

but only 12 communities are formed in the complex (Figure 6a). Consistent with the 

dihedral angle cross correlation analysis above, there is more extensive intracommunication 

within each protein after binding. Comparison of the thickness of edges shows that the RBD 

L2 loop becomes the interaction-intensive community in the bound form (orange), but not in 

the free form. It should be noted that the L2 loop is not adjacent to the GTPase binding site 

of the RBD. However, the binding site forms an adjacent community and the network 
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couples it to other regions of the protein (for example the end of the α-helix and start of L2). 

Rac1 GTPase also forms around 5 intensive interaction communities. Cross-communication 

between RBD-B1 and Rac1 GTPase is not significant, possibly because the interactions 

fluctuate and are not as densely packed compared to the protein’s interior.

Comparison of the thickness of edges of the RBD-A1 communities (Figure 6b) also reveals 

that the RBD L2 loop and part of the β-sheet become an interaction-intensive community in 

the bound form, but not in the free form. The cross-communication between RBD-A1 and 

Rac1 GTPase increases slightly compared to RBD-B1:Rac1 complex. By contrast to these 

results, there are a considerable number of weak communication connections across the 

interface between RBD-A2 and Rnd1 GTPase after binding as shown in Figure 6c (right). 

Some of the intracommunication pathways inside each protein are also increased in extent, 

but not necessarily in intensity/strength, for example, for part of the L2 loop region in RBD-

A2. Comparison of the thickness of edges reveals that α-helix 2 has an interaction-intensive 

community in the free RBD, but upon complex formation, this community was weakened. 

Since the RBD-A2:Rnd1 complexes also involve the N-terminal region (RBD β-strand 1) 

plus residues from residues 96 to 102 near the C-terminal RBD region, it is not surprising to 

see that there are more community networks for this complex. By contrast, the RBD-

A1:Rac1 complex and the RBD-B1:Rnd1 complexes have fewer community networks 

involving the binding interface, as shown in Figure 6 (row b and d).

Comparing the nodes thickness, no intensive intraprotein communities were formed for 

RBD-B1 bound with Rnd1 GTPase (Figure 6d) compared to RBD-B1 bound with Rac1 

GTPase (Figure 6a). Instead, there are many connections across the protein–protein interface 

in similar regions to those seen to be connected in the RBD-A2 Rnd1 complex (results 

shown in Figure S10d). Community networks are shown for the HSP protonated state of the 

complexes in Figure S10a–d in the SI, suggesting that histidine protonation state does not 

significantly influence the dynamic networks in this analysis.

For a comparison with the results above, we also used the Bio-3D program of Gray and 

colleagues,40,41 to carry out dynamic correlation and network analyses. Using each Ca atom 

as one node and based on μs long simulation trajectories, the community nodes were 

predicted using Bio-3D, which gives similar results to dynamic network analysis results 

shown above (data not shown).

Detailed Analysis of Protein–Protein Contacts Shows that the Interactions Are 
Considerably Dynamic and Slightly Different from the X-ray Structures

The number of contacts formed across the protein–protein interface during the microsecond 

simulations are shown in Figure S11a–d in the Supporting Information. The protonation 

state (HSD vs HSP) only slightly influenced the number of contacts across the binding 

interface (typically 7.8–9.1 vs 8.0–10.7) except for the RBD-B1:Rac1 complex. Here, there 

are more contacts in the HSD state (6.9 contacts on average) than in the HSP state (3.5).

Contacts at the binding interfaces of the four RBD-GTPase complexes were analyzed in 

detail (for both protonated and deprotonated histidine states) using both ligplot/dimplot39 

and the hydrogen bond plugin of the VMD program.42 The residue pairs forming contacts 
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with the occupancy of greater than 5% are listed in Tables S4–S11 in the Supporting 

Information.

Over the course of the simulations, residues on the binding interfaces in the HSD and HSP 

states are in similar locations. Generally the binding interface regions for RBD and small 

Rho GTPases include the L3 loop, β-strand 4, parts of the L4 loop, α-helix 2 and 

occasionally the C-terminus of β-strand 5 on the side of the RBDs, and mostly β2, β3, α2/

α3 on the side of Rac1 and Rnd1. However, the exact residues forming contacts are not the 

same in the proteins. Key results that emerged are discussed below, while additional results, 

especially involving histidine residues at the interface are given for the 4 complexes in the 

Supporting Information.

DISCUSSION

Several features of RBD-GTPase complexes are of interest: The stability of the complexes 

(significant shifts at interfaces or even dissociation), effects of pH (as mimicked by de/

protonated histidines), correlation of motions within protein structures and across the protein 

complexes, and finally, the most persistent interactions at the protein–protein interface. We 

have analyzed these features in all trajectories and discuss them in order below.

Global Features Are Similar Comparing Plexin RBD:Rnd1 and Rac1 Complexes

Using extensive all-atom molecular dynamics simulations in the study reported here, we 

reveal considerable similarities, but also some differences in the details of the structural and 

dynamic interaction of Rac1 and Rnd1 GTPases with the Rho GTPase binding domain 

(RBD) for several members of the human plexin family of trans-membrane receptors. From 

the MD simulations it is clear that the RBDs experience more changes to their structures 

(RMS deviations from starting structures) while GTPases experience more changes in their 

internal dynamics (see Table 1a,1b).

Overall the RBD-GTPases complexes are stable in the simulations, even at a lower pH 

(simulated by protonated histidine residues, HSP). The exact residues that are in contact can 

subtly change between the HSP and HSD states comparing the persistency of the contacts, 

but the binding interfaces are localized to highly similar regions on the protein surface. We 

had anticipated a considerable conformational transition upon histidine protonation, possibly 

akin to the dynamic protein complex of the EphA2-SHIP2 SAM-SAM interaction we 

recently characterized by simulations.43,44 However, in case of that system the changes in 

the configurational dynamics are on the sub-100 ns time scale, supported by NMR shifts that 

titrate upon protein binding.45 In the case of the plexinB1–RBD interaction with Rac1 there 

is considerable NMR signal broadening, suggesting an exchange process on the micro to 

millisecond time scale.16,21 Thus, even longer term simulations and further experimental 

studies are needed to reveal the configurational dynamics of RBD:GTPase complexes.

Similarities and Differences in Cross-Correlated Motions Across the Proteins and Protein–
Protein Interfaces Point To Isoform Specificity

In a recent publication, we applied a dihedral angle cross-correlation analysis in preference 

to the more traditional distance based analysis, as the latter can be influenced by spurious 
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longer range motions around a distant hinge and also ignore rotational movements.29 An 

issue with any correlation analysis is that there has to be considerable dynamics and also 

changes in dynamics to make them visible/stand out above the noise. This, therefore, 

confines the analyses to the most dynamic regions of the proteins, such as the RBD loops 

(L1–L4) and the GTPase Switch regions (SW I and II). Our previous study includes 400 ns 

trajectories for RBD-B1, while the current project has 1.0–2.4 μs long simulations 

trajectories performed on RBD-B1, RBD-A1, RBD-A2, and their complexes with small 

GTPases. Comparing RBD-B1 results between the short and the microsecond long 

trajectories, closely similar regions showed correlated dynamics and consistent 

communication pathways are suggested (Figures 2–5).

Calculating the backbone dihedral angle cross-correlation matrix, overall the 3 RBDs in the 

free states have similar correlations to their bound states. Mapping the highly correlated 

residues to the structure, we find that RBD-A1, RBD-B1, and RBD-A2 all have similar but 

diminished communication pathways, but with different key residues involved (Figure 5). 

Comparing the critical nodes in the dynamic networks, RBD-B1 and RBD-A1 have a greater 

number of nodes than RBD-A2. However, the pattern previously identified—a long-range 

coupling between L3, L4 with L2 and then the C-terminal region of the RBD α-helix (ref 

28)—is evident in these simulations as well. A different analysis based on the critical nodes 

and optimized communication pathways for RBD domains was also carried out. By contrast 

to the dynamic network analysis, the community analysis is concerned about the persistency 

of interactions (and their packing). Nevertheless, the network communities overall agree 

with the communication pathways that are suggested by the correlation analysis. While this 

may be expected because our input data are the same trajectories, the correspondence, 

nevertheless, strengthens the general conclusion that all three RBDs transmit signals in a 

broadly similar pattern. The question arises how such networks are affected by GTPase 

binding to the RBD (and by RBD binding to the GTPase). For example, Fetics et al.22 found 

that mutation on residue 61 in Ras could switch the communication pathways from one 

pattern to another. The wild type Ras and bound Ras have an allosteric site and an active site 

in the same network community, while mutation of Q61L brings the allosteric site and active 

site into separate network communities. Because of the structural similarity of the GTPases, 

and since RBD-B1 binding with Rac1 GTPase also implicates an allosteric mechanism, the 

findings in the current project suggests that RBD-B1 and -A1:Rac1 GTPase complexes may 

have the active and allosteric sites in separate network communities, while RBD-B1 and -

A2:Rnd1 complexes have the active binding sites and the allosteric sites in the same 

community. This observation is in accord with the suggestion that only Rnd1 activates the 

function of plexin-B1 while Rac1 binding could results in a different signaling mechanism, 

called GTPase sequestration (not directly involving the downstream regulation of plexin 

itself).

Detailed Analysis of Contacts Reveals the Dynamic Nature of the RBD:GTPase Interface 
and Shows Prevalent Interactions Involving Residues that Differ between the RBD as well 
as GTPase Isoforms

Tables S4–S11 and the results section above outlined the finding that the RBD–GTPase 

interactions experience considerable fluctuations over the course of the simulations. For 
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example, at around 750 ns of the simulation, significant loop structure change was observed 

for plexin-B1 RBD bound with Rac1 in protonated state. The movie based on the 2.4 μs 

simulation trajectory is shown in the Supporting Information, and the complex structure at 

around 750 ns is shown in Figure S12. Depite this temporary change in the conformation of 

loop 4, the same regions of protein–protein contacts were broadly maintained. Based on 

Figure S11a–d, although the total number of contacts fluctuate during the simulations, the 

RBDs are bound stably with the small Rho GTPases. We noticed in the analysis of protein 

interface contacts, that residues with long side chains (Arg/Lys/Glu/Gln) often formed the 

more persistent contacts and we speculate that this may be due to length of these side chains. 

When the fluctuations allow a range of orientations of the side chains, such side chains are 

better suited to satisfy a 3.2 Å cutoff upon slight lateral movements of the interface, whereas 

small side chains, such as Ala, quickly fall outside the distance cutoff. Thus, overall there 

are considerable differences between the contacts identified for a static structure (such as the 

initial crystal structures) and those seen in the simulations. Our early solution NMR analysis 

of contacts between Rac1 and Rnd1 and the RBD of plexinB1, as monitored by a saturation 

transfer experiment to 15N labeled mainchain amides, also suggested that the C-terminal 

region of L4 was not in direct contact with the GTPases. This contrasted with data on the 

primary interface regions (partly involving the mainchain or being close to it), that showed 

them to be in direct contact.16 Remarkably none of the contacts in the dynamics analysis are 

100% persistent; very few single contacts persist to approximately 90% with a handful at 

40–60% while a similar number are in contact 15–40% of the time.

Isoform Specificity Is Confirmed by the Variation of Residues Involved in the Interactions 
Across the Plexin-Family RBDs

The differences (and similarities) of the structures and residues in contact can be largely 

explained by the sequence similarities/differences between Rnd1 vs Rac1 and RBD-B1 vs -

A1 and -A2 (Figure 7a,b). Comparing the two complexes, that is RBD-B1 and –-A1 with 

Rac1, similar residues in switch I (SW I) and more extensively in switch II (SW II) are 

contacted.

In the RBD-A1:Rac1 complex there is a greater tendency to interact with loop L4 

(comprising β5 and β6) especially at lower pH. The latter may be explained by the change 

of Lys100 in RBD-B1 to a Gln in RBD-A1, making the interaction site that is adjacent to a 

region of L4 less positively charged (also RBD-B1 Arg91 is changed to Lys). Similarly, at 

the N-terminal side of L4, there are differences in the amino acid sequence of RBD-B1 and -

A1: Asp85 is mutated to Lys and Gln87 to Asp, as well as Leu89 to Asp in going from 

RBD-B1 to -A1; these charged residues are forming some of the most persistent contacts in 

the simulations of the respective complexes (Table S3–S6), a feature that was not 

appreciated from the crystal structures.

The polar (hydrogen bonding and charge–charge) contacts identified by ligplot/dimplot in 

the crystal structure of the RBD-A2 Rnd1 complex11 are mostly maintained in the 

simulations (Gln100/HSD98 on side of RBD and Tyr74/Asn76 on side of Rnd1). Again, the 

shift in contacts toward those involving L4, compared to the RBD-B1:Rac1 complex, above, 

can be explained by their difference in sequence. The mutations are nearly the same in L3 

Zhang and Buck Page 13

J Phys Chem B. Author manuscript; available in PMC 2018 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and L4 (Gln87 is changed to Glu in going from RBD-B1 to -A2, instead of Asp in -A1) 

while the RBD-A1 and -A2 sequences are highly similar for the interfaces. For the complex 

of RBD-B1 with Rnd1 again, some of these contacts are seen in the original crystal 

structure, but due to the fluctuations at the interface, the overall persistency or contact time 

is always less than 100%, as noted above, allowing additional contacts compared to the static 

structure.

Noting that the most persistent and different contacts involve residues that differ between the 

RBD-B1, -A1, and -A2 isoforms, it is important to examine the sequence difference between 

Rac1 and Rnd1 (Figure 7b). There are many differences away from the interface (including 

especially in the inset helix24), but very few are located in the regions the GTPase uses to 

make contact with the RBDs. Specifically Ser41 to Thr51 and Ser81 to Cys91 do not feature 

in contacts, but alongside Rac1 residues Gly54/Ala59/Glu62 which are changed to Ser64/

Ser69/Pro72, they could provide decreased flexibility, in the latter instance to the SW II 

region. Other changes from Rac1 to Rnd1 that stand out because they are used for GTPase 

isoform specific interactions are Asp38 to Glu48, a longer side chain at the end of switch 

region 1. At SW I, the Glu62/Asp62 change to Pro72/Tyr73 is significant, as is the change of 

Rac1 Arg66 to Asn76 in Rnd1. Arg66 is a key residue for interactions with both RBD-A1 

and -B1 and forms many flexible contacts. Its lengthy side chain is the primary reason why 

early docking attempts using the initial RBD-B1:Rnd1 complex structures to model the 

RBD-B1: Rac1 complex flailed due to steric clashes (L.Z. and M.B. unpublished data). 

Finally, the swap of two histines (103/104) on the Rac1 α2 helix—which is adjacent to the 

SW II region and close to the RBD L4 and to Asp113/Tyr114—play a role; in the Rac1 

structures, this region forms strong interactions with RBD-A1 in the low pH state (with the 

residues Lys85 and Asp87 that differ at in L4, as noted). In the HSD RBD-B1: Rac1 

complex the interactions are shifted to Asp81/Glu85, whereas in the HSP state there is no 

contact involving these regions. The Rnd1 complexes have weak, pH independent contacts 

and experimentally it was noted that Tyr114, a residue that differs between Rnd1 and Rnd2 

does not account for the difference between these two isoforms.18

pH Influence

The pH can influence the structure, dynamics and even function of proteins as mentioned in 

the Introduction Section. As constant pH simulations are not yet available on Anton (and are 

computationally more expensive), we explored the two extreme cases in this project (all His 

deprotonated and all His protonated). Despite these extreme conditions, the overall 

structures of RBD with/without bound Rho GTPases are stable in the simulation. The 

structure and dynamics of RBDs are also similar in both the protonated and deprotonated 

states. Specifically, there are only subtle differences between the HSD and HSP states 

concerning the types of contacts. Interactions in the HSP state of RBD-A1:Rac1 are 

strengthened (have higher persistency) than in the HSD state, whereas the situation in the 

RBD-B1:Rac1 complex is reversed. Interestingly, overall there is less increase in protonated 

histidine (HSP)–Asp/Glu interactions as might be anticipated, except for Asp87–Arg102/

HSP103 in RBD-A1:Rac1 (65%) and HSP98–Arg66 in RBD-B1:Rac1 (down to 9% in HSP 

compared to 29% in HSD). For the plexinA2 RBD:Rnd1 complex, there is a slight shift in 
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the contacts upon the protonation of His98, with fewer residues forming persistent contacts 

in the low pH state.

Biological Implications

The Rho GTPase binding domain (RBD) is unique to the plexin family of transmembrane 

receptors and, as we reported previously, provides a new GTPase recognition surface for 

signal transduction in biology (ref 16,7). Since its first structural characterization in 2005–

2008, it has meanwhile become clear that this surface is quite versatile and binds a number 

of disparate Rho GTPase family members,16,46 and does so potentially in a GTPase family 

member specific manner (ref 19, S-J.K. and M.B, unpublished). With this understanding 

also came the appreciation, expanded here, that the original interface regions and motifs 

were too limited and that regions outside them—but still within the RBD—also play a role 

in the wider repertoire of RBD-GTPase interactions (e.g., ref 19). In cell and cell lysate 

based biochemical experiments by the Negishi9,10 and by the Kikutani11 laboratories 

indicate that the functional role of Rac1 and Rnd1 is different, both for plexin-B1 and again 

for plexin-A1, leading to the suggestion of isoform specificity both on the side of plexin and 

of the side of these Rho GTPases. The publication of four RBD:Rac1/Rnd1 complex crystal 

structures invited us to examine the possible molecular origin of these differences. We did 

not endeavor to estimate the overall thermodynamic parameters here for the different protein 

complexes, as this remains a complicated issue (e.g., see ref 43).

Interactions that were not appreciated from the initial NMR and crystal structure analysis 

concern the dimerization loop, L4. The overall shift in the simulations seen here is toward 

greater interactions with this loop, compared to those seen in the X-ray structures.16,18 This 

could be explained if the L4 region were fixed by additional contacts; either crystal lattice 

contacts (in case of the RBD-A2:Rnd1 structure) or due to dimerization involving the loop 

(RBD-B1:Rnd1) and/or binding of a coupling loop to this region (in case of RBD-A1:Rac1 

and -B1:Rac1 complexes).16 The RBD-A2:Rnd1 complex structure, for example, has no 

electron density for four residues (EGDW) in L4, suggesting that these residues are 

disordered, if not flexible, in the crystal structure. Similarly, NMR relaxation data of L4 in 

the RBD-B1:Rac1 complex showed this region was still mobile in the complex on the ps-ns 

time scale, with slightly decreased dynamics at the termini but slightly increased flexibility 

in the middle when placed in a complex with Rac1.21 Here we find that several of the 

residues at the N- and C-termini of the L4 loop are involved in interactions with the GTPases 

and, importantly that these residues are different in the different RBD family members (see 

Figure 7, above). The interactions, newly discovered in this simulation project, are transient 

but involve these distinctive residues, and, are thus likely provide a molecular basis and 

origin for the isoform specific behavior of the different RBDs in the RBD-GTPase 

complexes. There are further differences also in how Rac1 and Rnd1 engage the RBDs but 

the details will need to await further analysis of GTPase internal dynamics.

RBD-Rnd1 complexes show a significant amount of interprotein correlations of the dynamic 

fluctuations. This observation may be related to the role of Rnd1 in activating the receptor 

for function. Furthermore, with exception of plexinA2, the intraprotein correlations in the 

plexin-B1 and -A1 RBDs remain strong upon complex formation. We could speculate that 
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these pathways for dynamic allostery27,28,30 might be involved in the activation mechanism; 

they communicate to the other side of the RBD, to regions which are attached to the 

catalytic GAP domain of plexin while others are available for binding additional partner 

proteins. A similar argument can be made for the GTPases which undergo changes in their 

internal dynamics upon binding; overall the level of dynamic cross-correlations is increased, 

apparently in a manner which brings together the two β- and α-subdomains of Rac1/Rnd1. 

While there is some evidence for these changes from experimental NMR relaxation 

measurements,47,21 this MD simulation study focused more on the RBDs and we will further 

analyze and discuss GTPase dynamics in another study (in preparation), especially dealing 

with allostery within the GTPase fold.48 We and others suspect that interactions of the 

GTPases are not confined to the RBD alone, but that other regions of plexin may interact 

with them. Furthermore, interactions between GTPases and the lipid bilayer of the plasma 

membrane, to which they are anchored, also could play a major role.49 Thus, future 

investigations will be needed to shed light on such possible interactions.

CONCLUSION

In this project, microsecond simulations were performed on RBDs of three plexin family 

members, plexinB1, -A1, and -A2; small Rho GTPases Rac1 and Rnd1; and of their 

RBD:GTPase complexes. It was found that during the long time-scale simulations, both the 

free RBD and GTPases and their complexes are stable without any dramatic transitions 

observed, even for simulations in different protonation states. While the RBDs in the free 

states have overall similar dihedral angle correlations, these are slightly, and in case of 

plexinB1, considerably decreased when Rac1 or Rnd1 are bound. Correlations within the 

GTPases are increased upon binding. Mapping highly correlated residues to the structure, it 

was found that plexinA1-RBD, plexinB1-RBD, and plexinA2-RBD all have similar 

communication pathways within the plexin domains, but that different residues are involved. 

Dynamic network analysis on the microsecond long trajectories revealed that RBD-B1 and 

RBD-A1 could have similar binding mechanisms with small GTPases, but that binding of 

RBD-A2 likely has a different mechanism and possible functional role. Similarly, Rnd1 is 

seen to form many networks of dynamic correlations across the protein–protein interface 

with plexin RBDs, whereas the homologous GTPase Rac1 does not. Overall, the simulations 

suggest mechanisms that are consistent with the experimental data on plexinB1 and -A1. 

Our analysis indicates RBD and GTPase isoform specific changes in protein dynamics upon 

complex formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Structures for Rac1 GTPase (left) and plexinB1 RBD (right) in the free form (red for 

Rac1, blue for loops and magenta for RBD, green for loops), and in the bound form (salmon 

for Rac1, light blue for loops and pink for RBD, limone/yellow for loops) after 

microsecond-length simulations. The Rac1 GTPase Switch I (res. 27–44), Switch II (res. 

60–74), and the interswitch regions (res. 46–49) in Rac1 GTPase are shown in blue. The 

RBD-B1 loop regions, L1 (res. 16–26), L3 (res. 69–73), L4 (res. 77–95) are shown in green. 

RMSF for plexinB1 RBD (b) and Rac1 GTPase (c) in the bound form with HIS in HSD state 

(red), in the bound form with HIS in HSP state (blue); also shown is the free form (black). 

The larger fluctuations occur in the loop regions in the RBD and in the switch regions of 

Rac1 in both states with some considerable changes as discussed.
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Figure 2. 
Dihedral angle covariance matrix for plexinB1 RBD bound with Rac1 in HSD state (above 

diagonal) compared to unbound plexin-B1 RBD (below diagonal, left) and the Rac1 GTPase 

in the free state (below diagonal, right). The color bar at the side indicates the level of 

maximal cross-correlation.
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Figure 3. 
Covariance coefficient between residue 21 (left)/residue 81 (right) and other residues 

mapped on the structure of RBD-B1 in the free state (row (a)), in the Rac1 bound HSD state 

(row (b)), and in the Rac1 bound HSP state (row (c)). The complex with Rac1-GTPase is 

also shown in the HSD state in order to illustrate the cross-interface correlations (row (d)); 

the structure is slightly rotated to show the interface and the RBD residues clearly. Residues 

with the magnitude of their covariance coefficients higher than 0.1 are labeled and colored 

using the same scale as in Figure 2.
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Figure 4. 
Covariance coefficient between residue 38 (left)/residue 63 (right) and other residues 

mapped on the structure of Rac1-GTPase in the free state (row (a)), in the bound HSD state 

(row (b)), and in the bound HSP state (row (c)). The complex with Rac1-GTPase is also 

shown in the HSD state in order to illustrate cross-interface correlations (row (d)). 

Correlated residues with their magnitude of the covariance coefficients higher than 0.1 are 

labeled.
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Figure 5. 
Possible communication pathways predicted based on highly correlated residues: residue 81 

(top) in RBD-B1, residue 87 (middle) on RBD-A1, and residue 77 on RBD-A2 (bottom) and 

other residues mapped on structure of RBD-B1, RBD-A1, and RBD-A2 in their free state. 

Correlated residues with the covariance coefficient magnitude higher than 0.1 are labeled. 

Blue and red arrows show the possible communication pathway 1 and pathway 2 which 

were originally found for the unbound plexin-B1 RBD in the previous work.28,29

Zhang and Buck Page 24

J Phys Chem B. Author manuscript; available in PMC 2018 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Community networks formed in the plexinB1 RBD (row (a)), plexinA1 RBD (row (b)), 

plexinA2 RBD (row (c)), and plexinB1 RBD (row (d)) in free form (left column), and in 

bound form to Rac1/Rnd1 (HSD) in face-view (middle column), and in topview (right 

column) based on MD simulation and dynamical network analysis. The free form and bound 

form network structures are oriented in the same direction as shown in the top of the figure 

using RBD-B1 (in green) bound with Rac1(in cyan) in the HSD form as example.
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Figure 7. 
Sequence alignment of RBD and GTPase interface regions with the 9 members of the human 

plexin family in (a) and human Rac1 and Rnd1 in (b). * indicates contact with >20% 

occupancy in the neutral pH simulations (uncharged His), whereas * (blue) indicates 

additional contacts at low pH (charged His) from SI Tables S4–S11. Figure adapted from ref 

18 “Structural Basis of Rho GTPase Rnd1 Binding to Plexin RBDs” by Wang et al, used 

under CC BY from original.
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