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Abstract

Rho-specific guanine dissociation inhibitors (RhoGDIs) play a crucial role in the regulation of
Rho family GTPases. They act as negative regulators that prevent the activation of Rho
GTPases by forming complexes with the inactive GDP-bound state of GTPase. Release of Rho
GTPase from the RhoGDI-bound complex is necessary for Rho GTPase activation.
Biochemical studies provide evidence of a "phosphorylation code”, where phosphorylation of
some specific residues of RhoGDI selectively releases its GTPase partner (RhoA, Racl, Cdc42
etc.). This work attempts to understand the molecular mechanism behind this phosphorylation
code. Using several microseconds long atomistic molecular dynamics (MD) simulations of the
wild-type and phosphorylated states of the RhnoA—RhoGDI complex, we propose a molecular-
interaction-based mechanistic model for the dissociation of the complex. Phosphorylation
induces major structural changes, particularly in the positively charged polybasic region (PBR)
of RhoA and the negatively charged N-terminal region of RhoGDI that contribute most to the
binding affinity. MM-PBSA binding free energy calculations show a significant weakening of
interaction on phosphorylation at the RhoA-specific site of RhoGDI. In contrast,
phosphorylation at a Racl-specific site leads to the strengthening of the interaction confirming
the presence of a phosphorylation code. RhoA-specific phosphorylation leads to a reduction in
the number of contacts between the PBR of RhoA and the N-terminal region of RhoGDI, which
manifests reduction of the binding affinity. Using hydrogen bond occupancy analysis and
energetic perturbation network, we propose a mechanistic model for the allosteric response,
i.e., long range signal propagation from the site of phosphorylation to the PBR and buried
geranylgeranyl group in the form of rearrangement and rewiring of hydrogen bonds and salt
bridges. Our results highlight the crucial role of specific electrostatic interactions in

manifestation of the phosphorylation code.

Statement of Significance

Protein-protein interaction plays an important role in several biochemical and signalling
pathways. RhoGDI is an important player in the regulation of Rho GTPases. Rho proteins can
act as molecular switches, where they cycle between GDP-bound inactive and GTP-bound
active states. RhoGDI binds to the GDP-bound inactive state of several proteins of Rho
subfamily, namely RhoA, Racl, cdc4?2 etc. Biochemical studies indicate that phosphorylation

at specific sites of RhoGDI can selectively release a specific Rho protein. This work uses



molecular dynamics simulation to elucidate the mechanism and allosteric pathways responsible

for this phosphorylation code of RhoGDI-Rho GTPase interaction.

Introduction

Rho family GTPases, such as RhoA, Racl, and Cdc42, belong to the Ras superfamily of
signaling G-proteins that play a crucial role in several key cellular processes including actin
dynamics, cell adhesion, gene transcription (1-5). These proteins share a common sequence
and structural features of the G-domain which consists of Switch I and Switch I1 regions
involved in the nucleotide exchange (6-8). Like all other G-proteins, these proteins function as
molecular switches that regulate cellular functions by using a simple biochemical strategy of
switching between an active guanosine triphosphate (GTP)-bound state and an inactive
guanosine diphosphate (GDP)-bound state (8,9). Rho GTPases in their activated state bind to
various downstream effectors and regulate processes such as cytoskeletal rearrangement and
gene transcription. Several structural and mutational analyses have revealed multiple

mechanisms behind the selectivity and specificity between effectors and Rho GTPases (10,11).

Three major proteins control the Rho family GTPases signaling cycle: (i) a GTPase activating
protein (GAP), (ii) a guanine nucleotide exchange factor (GEF), and (iii) a Rho-specific
guanine nucleotide dissociation inhibitor (RhoGDI) (10). GAP can bind to an activated GTP-
bound Rho GTPase and enhance the GTP hydrolysis with the result of terminating the signaling
event. GEF activates a monomeric Rho GTPase by stimulating the release of GDP to allow the
binding of GTP. RhoGDI binds to a GDP-bound “off” state Rho GTPase and prevents the
conversion of the “off” state to the “on’’ state (11-15). Also, it prevents the Rho GTPases from

localizing at the membrane which is the place of their action.

RhoGDls play a critical role in the regulation of Rho family GTPases (16). As described by
Garcia-Mata et al, RhoGDls act in the background like an ‘invisible hand’ regulating the level
of activated/deactivated Rho GTPases in the cell (17). The population of Rho GTPases at the
membrane is increased when RhoGDl is absent. Rho GTPases anchor in the cellular membrane
via a prenyl moiety that attaches to the C-terminal cysteine residue and is inserted into the lipid
bilayer (18-20). When the RhoGDI binds to this prenylated group, a cytosolic RhoGDI
complex with GDP-bound Rho GTPase is formed, which regulates the cytoplasmic pool of
each Rho GTPase. Studies using X-ray crystallography have revealed that there are two main

regions of the interaction between RhoA and RhoGDI (21-23): (i) the N-terminal region of



RhoGDI, which folds into a helix-turn-helix (HTH) motif, interacts with the Switch I and II
regions of RhoA, resulting in inhibition of GDP dissociation, and (ii) the C-terminal region of
RhoGDI, which folds into a B-sandwich, an immunoglobin-like fold with a hydrophobic
pocket, interacts with the prenyl moiety of RhoA.

A complex formation of Rho GTPase with RhoGDI makes the GTPase biologically inert, so
activation of Rho GTPase by GEF requires release of Rho GTPase from the complex (24).
Experimental studies suggest phosphorylation of RhoGDI as a key post-translational
modification for dissociation of Rho GTPase from the complex (25-27). The phosphorylation
of RhoGDl is highly specific (supporting information Table S1). For instance, phosphorylation
at Ser101 and Ser174 by p21-activated kinase 1 (PAK1) leads to the release of Racl (but not
RhoA) (24,26). On the other hand, phosphorylation of Ser34 (28) or Ser96 (29) by protein
kinase Ca (PKCa) selectively releases RhoA (but not Racl or Cdc42). It is speculated that “a
unique phosphorylation code” may be at play that controls the release of a specific Rho GTPase
from the complex. It is hypothesized that phosphorylation of Ser34 disrupts its interaction with
Arg68 of RhoA (for Racl or Cdc42, it is Arg66), leading to dissociation (30-32). But this
residue is conserved in most of the GTPases, hence the exact mechanism behind the specificity

is unclear.

Several NMR studies have shown that two N-terminal regions of RhoGDI (residues 9-20 and
36-58) are highly disordered in absence of Rho GTPases (33-36). The later N-terminal region
(residues 36-58) folds into a HTH conformation in presence of Rho GTPases. This HTH
conformation is stabilized by the formation of several hydrogen bonds (H-bonds) between
conserved residues of Switch | (Thr37 and Val38) of RhoA (Thr35 and Val36 for Racl and
Cdc42) and RhoGDI (Asp45 and Ser47) (37). The N-terminal region (residues 9-20) can exist
either in helix or random coil conformations (38). Recent crystal structures show the presence
of helix (residues10-15) in RhoA (PDB ID: 4F38)(39) and Cdc42 (PDB ID: 1DOA)(22),
whereas for Racl it exists as a random coil (PDB ID: 1HH4) (23).

In this present work, we have employed several microseconds long atomistic molecular
dynamics (MD) simulations to understand the conformational dynamics and energetics of the
RhoA-RhoGDI complex both in the wild-type and two different phosphorylated states of
RhoGDI. We first attempt to establish the presence of phosphorylation code by showing that
RhoA-specifc phosphorylation at Ser34 leads to reduction in binding energy between RhoA



and RhoGDI, whereas Racl-specific phosphorylation at Serl01/Serl74 does not.
Subsequently, we present a thorough structural and energetic analysis to establish a mechanistic
picture of how the effect of RhoA-specific phosphorylation propagates to a distal site
allosterically to cause the reduction in binding affinity. Essentially, the goal of this work is to
establish the molecular thermodynamic origin of the specificity of the phosphorylation code in
the RhoA—RhoGDI interaction.
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Figure 1: Crystal structure of RhoA-RhoGDI complex. RhoA (residues 1-190) is shown in
cyan color, and RhoGDI (residues 1-204) is shown in pink color. The PBR region of RhoA is
shown in blue. The sites of phosphorylation (Ser34, Serl01 and Serl74), GDP, and the
geranylgeranyl (GG) moiety are shown in stick representation. Mg?* is shown as a green

sphere.



Computational Methods

Structure Preparation

For modeling and simulation, we used the crystal structure of RhoA-RhoGDI complex (PDB
ID: 4F38) (Figure 1). Using the PyMol program (40), we replaced the GNP molecule present
in the crystal structure with GDP. The pdbfixer utility of OpenMM package was used to model
the missing residues and atoms (41). We utilized the PyTMs plugin of PyMol to prepare the
phosphorylated system. For our study, we constructed three different systems: (i) WT (wild
type): RhoA-GDP in complex with wild-type RhoGDl, (ii) SP34: RhoA-GDP in complex with
phosphorylated Ser34 (pS34) RhoGDI, and (iii) SP101/174: RhoA-GDP in complex with
phosphorylated Ser101/Ser174 (pS101/pS174) RhoGDI.

Constant pH Molecular Dynamics:

We have performed 20ns constant pH MD simulation of WT RhoA-RhoGDI complex to
determine the protonation states of HIS amino acids. The constant pH MD simulations were
performed using Amber18 (DOI: 10.1002/jcc.20290) software and using amber14sb force field
(DOL: ). The titration graph is shown in supporting inforation (Figure
S1). Only HIS105 remains in the protonated state at pH=7. So, for the purpose of the study, we
have kept HIS105 in protonated state for all the systems.

Molecular Dynamics (MD) Simulations

We have performed 4 independent 1 microsecond long MD simulations of these three systems.
All the simulations were performed using GROMACS 2019.6 software (42). Charmm36 force
field was used along with the TIP3P water model (43,44). The energy minimization of the
solvated proteins was accomplished using the steepest descent algorithm. A modified
Berendsen thermostat (45) at 300 K and Parrinello-Rahman barostat (46) at 1 bar were utilized
in NPT ensemble for the production runs. Long-range electrostatic interactions were calculated
with the particle mesh Ewald (PME) summation method (47) with a grid spacing of 0.16 nm
and fourth-order cubic interpolation. The cut-off distance used for short-range electrostatic and
van der Waals (vdW) interactions was 1 nm. All covalent bonds were constrained using the

LINCS algorithm (48). The integration time step was set to 2 fs.

Electrostatic Interaction Energy Calculations

Phosphorylation means the addition of an extra negative charge to the system. We are interested

in learning how the introduction of a single negative charge affects structural modification at a
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distant point. We have established in our earlier work that electrostatic interaction energy can
be a sensitive reporter of subtle structural changes including long range allosteric effects
(49,50). Using a similar approach, here we have computed the perturbation/change in the
average interaction energy for each residue (A(E;)) upon phosphorylation, i.e. we have
compared between the wild-type ((£}YT)) and phosphorylated ((E{¥)) states of the complex.

The change in average interaction energy of i-th residue, A(E;), is given by
ME;) = (EPT) —(E/'T).

We have analyzed the pairwise changes in interaction energy and H-bond occupancy to
determine how the signal propagates from the site of perturbation (phosphorylation) to the
protein-protein interaction interface. The change in average pair-wise interaction energy of i-

th and j-th residue pair is given by

ME;) = (EST) = (El]T).

For calculation of A(E;) and A(E;;) we have used a short-range electrostatic cut-off of 4.5 nm.

Binding Free Energy Calculations

The binding free energy between RhoA and RhoGDI was calculated using the molecular
mechanics Poisson-Boltzmann surface area (MM-PBSA) method. The gmx_MMPBSA(DOI:
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00645)software was used to calculate the binding

free energy. The binding free energy is estimated as the difference between the free energy of
the RhoA—-RhoGDI complex and the free energies of the unbound components (RhoA and
RhoGDI). The total binding free energy, AGy;,q, 1S calculated as a sum of the gas-phase
contribution from the molecular mechanics energy, AE,,,,, the solvation energy associated with
the transition of the ligand from bulk water to the binding site, AG,,;, and the change in

conformational entropy related to the binding of the ligand, —TAS.

AGping = AEyy + AGgy — TAS.
Where
AGgo; = AGporar + AGporar = AGpp/ee + AGponpotar
and
AGnonpolar = AGdisp + AGcavity = AGdisp + CAVITYrgnsion + AGsasa + CAVITY pppsir


https://pubs.acs.org/doi/10.1021/acs.jctc.1c00645

In our work, we did not consider the entropic component of the binding free energy. AE),, is
calculated based on molecular mechanics model of the underlying force field. It consists of
different components, the electrostatic interaction, AE,;,., and the vdW interaction, AE, ;.
The polar contribution to the solvation free energy, AGpg, is estimated using the Poisson-
Boltzmann implicit solvent model. The calculation of nonpolar solvation energy (AG,onporar)
involves a breakdown into distinct cavity and dispersion components, as indicated in the
previously mentioned equation. In this approach, the solvent-accessible surface area (SASA)
is specifically employed to account for the cavity term, while a surface-integration technique
is utilized to determine the dispersion term. The set of parameters used for MM-PBSA

calculation is given in supporting information (Table S2).

Principal Component Analysis (PCA)

PCA is a powerful dimensionality reduction technique that enables us to project the higher
dimensional MD simulation data to a lower dimensional representation for easier visualization
and interpretation of the conformational landscape sampled by the proteins. The basic idea of
PCA is to diagonalize the covariance matrix of the higher dimensional dataset and use the
eigenvectors corresponding to leading eigenvalues to construct the lower dimensional
representation. In this work, we have performed PCA on backbone coordinates of combined
initial 1 microsencond trajectory. The cumulated variance of the first fifty principal
components are shown in supporting information (Figure S3). considered projections along the

top two eigenvectors, i.e., PC1 and PC2.

Coordination Number (CN) as a collective variable

The collective variable coordination number (CN) represents the number of contacts formed
between two groups of atoms (A and B) defined as:
PN
1-(TU
CN = ZiV_A Np ( a )

)

12

where i and j are the indices of a set of selected atoms, and Na and Nz represent the number of
atoms present in group A and group B. rjj is the distance between the i-th and j-th atoms. The
cutoff distance, d, was chosen as 3.0 A in order to include the distance criteria of the H-bond.
Thus, the coordination number provides an estimate of the number of H-bonds that are formed
between selected groups. The coordination number was calculated using the PLUMED 2.5
software (52).
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Figure 2. Analysis of binding free energy of the RhoA-RhoGDI complex using MM-PBSA.
(a) Comparison of the binding free energy distribution between WT, SP34, and SP101/174
systems. (b) Residue-wise decomposition of binding free energy in the WT system for RhoA
and RhoGDI proteins. (c) Structure of WT system, where the residues with favorable

contributions to binding free energy (AG?inding < 0) are highlighted in blue and residues with
unfavorable contributions (AG*™*™9 > 0) are highlighted in red.

Results and Discussion

MM-PBSA Analysis of Binding Free Energy Between RhoA and RhoGDI Proteins

Motivated by the idea of the presence of a phosphorylation code as discussed earlier, we have
compared the binding free energy between RhoA and RhoGDI across three different systems:
(1) WT (wild type): RhoA-GDP in complex with wild-type RhoGDl, (ii) SP34: RhoA-GDP in
complex with phosphorylated Ser34 (pS34) RhoGDI, and (iii) SP101/174: RhoA-GDP in
complex with phosphorylated Ser101/Ser174 (pS101/pS174) RhoGDI. On the RhoA-specific

10



phosphorylation (SP34 system), the binding of RhoA to RhoGDI is expected to become
weaker, but not for the Racl-specific phosphorylation (SP101/174 system).

A reduction in binding affinity (less negative values) signifies a weaker interaction between
RhoA and RhoGDI. Figure 2a shows the probability distribution of binding free energy for the
different systems. For Ser34 phosphorylation, the binding free energy increases (less negative),
whereas for Ser101 and Serl174 phosphorylation, the binding free energy slightly decreases
(more negative) as compared to the WT system. Residue-wise decomposition of binding free
energy for the WT system shows two major binding regions (Figure 2b): (i) Switch 11 of RhoA
and HTH motif of RhoGDI, and (ii) PBR of RhoA and N-terminal region (residues 9-25) of

RhoGDI. The Protein is color based on AG.™™ binding values, residues with favorable
contributions are highlighted in blue and residues with unfavorable contributions are
highlighted in red(Figure 2c).

11
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Figure 3. a) Residue-wise contribution to the change in binding free energy. Residues with
unfavorable (>0) contribution is shown in red and favorable (<0) contribution is shown in blue
color. b) Position of PBR and N-terminal region for WT, SP34 and SP101/174 systems. WT is
shown in blue, SP34 is shown in pink, and SP101/174 is shown in teal color.

Figure 3a shows the residue-wise change in binding free energy for the phosphorylated
systems. It is evident that the interaction between the RhoA PBR and the N-terminal region
weakens in both the SP34 and SP101/174 phosphorylation scenarios, but the extent of
weakening is notably more pronounced for SP34 phosphorylation compared to SP101/174. For
SP101/174 system this weakening is compensated by more negative contributions from
phosphorylated Ser residues (pS101 and pS174). Consequently, the binding free becomes more
positive for the SP34 system, while it remains almost same for the SP101/174 system.
Importantly, this observation aligns with previous experimental studies (28,29) and lends
further support to the notion of a phosphorylation code. Our hypothesis suggests that for
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SP101/174 phosphorylation, the introduction of two additional negative charges to the C-
terminal region results in a stronger interaction between the positively charged PBR region of
RhoA and the C-terminal region of RhoGDI. To test this hypothesis, we quantified the total
number of contacts between RhoA and RhoGDI for the WT, SP34, and SP101/174 systems
(supporting information S2). The data reveals a decrease in the number of contacts between
RhoA and RhoGDI for the SP34 system, but this decrease is not observed for the SP101/174
system. Subsequently, we assessed the number of contacts and short-range interaction energy
between PBR/N-terminal, PBR-C-terminal, and N-terminal-C-terminal. The results, as shown
in Figure 4a & 4b, indicate a decrease in both the number of contacts and interaction energy
between PBR and the N-terminal region for both phosphorylation scenarios. However, this
decrease is more pronounced for the SP34 system. Conversely, the number of PBR-C-terminal
contacts and the interaction energy increase for both phosphorylation scenarios, with a more

significant increase observed in the SP101/174 phosphorylation, consistent with our initial

hypothesis.
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Figure 4. (a) Number of Contacts and Interaction Energy between PBR/N-terminal, PBR/C-
terminal and N-terminal/C-terminal is shown in (a) and (b) respectively.
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Now that we have clearly established that phosphorylation at Ser34 leads to reduction in the
RhoA-RhoGDI interaction, the subsequent sections will focus specifically on the SP34 system
to unravel the molecular mechanism behind how the effect of phosphorylation manifests into
reduction of the binding affinity.
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Figure 5. (a) Time series of RMSD for WT and SP34 systems. (b) Residue-wise RMSF for
RhoA and RhoGDI separately. (c) Superimposed structures of the N-terminal region for
WT (pink) and SP34(blue) systems.

Structural Changes Due to Ser34 Phosphorylation

It is expected that the reduction in binding affinity between RhoA and RhoGDI after
phosphorylation should be associated with some structural changes that affect the protein-
protein interaction (PPI) interface. Root-mean-square deviation (RMSD) was computed for
both RhoA and RhoGDI with references to the crystal structure to monitor such structural
deviations, if any. The RMSD remains more or less stable for RhoA, whereas for RhoGDI it

changes considerably. This change in RMSD has been observed for four independent
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simulation of SP34 system as shown in Figure 5a. By visual inspection, we have observed three
significant structural changes after phosphorylation. These are (i) melting of the N-terminal
helix, (ii) change in the conformation of the N-terminal loop, and (iii) outward movement of
the geranylgeranyl group of RhoA from the hydrophobic cavity in the C-terminal B-sandwich
of RhoGDl.

We have also compared the residue-wise root-mean-square fluctuation (RMSF) between the
wild-type (WT) and phosphorylated (SP) systems to investigate the effect of phosphorylation
on the local dynamics/flexibility (Figure 5b). The major changes in residue-wise RMSF are
observed in the PBR of RhoA (residues 182-187) and the N-terminal region of RhoGDI
(residues 1-40) (Figure 4c). Also, there are some small differences in the Switch I (residues 28-
42) and Switch 1l (residues 61-81) loops of RhoA. Interestingly, these switch loops are known
to be crucial for the function of Rho GTPases and they can exhibit nucleotide dependent
conformational heterogeneity as reported earlier (7). The largest change in RMSF was observed

in the N-terminal region of RhoGDI (Figure 5c).
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Figure 6. Principal component analysis (PCA): (a) Distributions of PC1 and PC2. Projections
of eigenvectors on protein structure for (b) PC1 and (c) PC2. (d) The projection of the first two
principal components, PC1 and PC2, for WT and SP34 systems.
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In order to fully characterize the phosphorylation induced modulation in the conformational
ensemble and dynamics, we have performed principal component analysis (PCA) on the
combined WT and SP34 trajectories (Figure 6). It is evident that the major difference in protein
conformation is captured by the 1st principal component (PC1) followed by the 2nd (PC2)
(Figure 6a). These two dynamical modes are visualized by the porcupine plots of the
corresponding eigenvectors. For SP34, PC1 eigenvectors show an outward movement of the
N-terminal region of RhoGDI, which pulls the PBR of RhoA (Figure 6b). In PC2, an upward
movement of the C-terminal B-sandwich of RhoGDI is observed (Figure 6¢). PC2 eigenvectors
also show the movement of the N-terminus of RhoGDI towards the C-terminal B-sandwich.
The outward movement of the N-terminal region pulls the PBR, as the PBR moves away from
the C-terminal p-sandwich, which weakens the geranylgeranyl—cavity interaction, ultimately

leading to the dissociation of the complex.
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Figure 7. Coordination number (CN) analysis. (a) Time series of the CNs between the N-
terminal region of RhoGDI and RhoA PBR (upper panel), and between the N-terminal and C-
terminal regions of RhoGDI (lower panel). (b) Snapshot representing the movement of N-
terminal region of RhoGDI away from RhoA PBR. (c) Time series of the distance (left panel)
and distribution of the distance (right panel) between the geranylgeranyl group and
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hydrophobic cavity. (d) Snapshot highlighting the outward movement of the geranylgeranyl
group.

As mentioned earlier, two major structural rearrangements observed upon phosphorylation are:
(i) the N-terminal region of RhoA moving away from the PBR region of GDI, and (ii) loosening
(pulling out) of the geranylgeranyl hydrophobic tail from the GDI cavity. We have further
characterized these changes in terms of more localized structural parameters. First, we monitor
the number of contacts or coordination number (CN) between (a) the N-terminal and PBR, and
(b) the N-terminal and C-terminal of GDI (Figure 7a). The time evolution of these contacts
clearly show that for the phosphorylated SP34 system, the CN between the N-terminal region
of RhoGDI and PBR of RhoA decreases significantly, while the contacts between the N-
terminal and C-terminal regions of RhoGDI increase (Figure 7a). This indicates that the N-
terminal region moves away from the PBR but moves towards its C-terminal region as shown
strucrally in Figure 7b. A decrease in the CN between the N-terminal region and PBR leads to
decreased interaction between RhoA and RhoGDI, leading to a specific release of RhoA from
RhoGDl.

In order to monitor the “pulling out” motion of the geranylgeranyl tail, we calculated the
distance between the geranylgeranyl group of RhoA and the center of mass (COM) of the
hydrophobic cavity of RhoGDI (Figure 7¢). This gives us an idea of how much the prenyl
moiety is moving away from the hydrophobic cavity. It is evident from the increased distance
that after phosphorylation that the geranylgeranyl group of RhoA tends to come out of the
hydrophobic cavity of RhoGDI (Figure 7d). We observe that the orientation of the N-terminal
region also changed significantly due to phosphorylation.

The similar trend for coordination number and CYSG-Cavity distance is observed for other

independent simulations shown in supporting information (Figure S4 and S5).

Propagation of Signal and Mechanism of Dissociation

The addition of extra negative charges due to phosphorylation creates a local perturbation to
the electrostatic interaction network. Such redistribution of electrostatic interactions in terms
of rewiring of hydrogen bonds and salt bridges in a domino-like fashion can be a dominant
mechanism of allostery as we have demonstrated earlier (49,50,53). In addition, electrostatic

interaction can be a very sensitive reporter of rather subtle changes in the conformational
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ensemble (49). For this reason, we track the residue-wise changes in average interaction energy
to understand how the energetic perturbation created at the site of phosphorylation propagates
to the PPI interface and weakens it. The change in residue-wise average interaction energy is
defined as A(E;) = (EFP)y — (EMT), where (E7F) and (E}'T) are the average non-bonded

interaction energy of the i" residue with its environment (protein, water and ions).

From Figure 8a, it can be seen that the largest change is at the site of phosphorylation, i.e.,
Ser34, as expected. But in addition, significant change in the interaction energy is visible near
the PBR and N-terminal regions involved in stabilizing the PPI. In Figure 8b, we visualize the
distribution of these residues with significant perturbation in interaction energy. The Ca atoms
of each residue is shown as a sphere, where the size of the sphere represents the magnitude of
A(E;). Blue and red spheres indicate negative and positive signs of A(E;), respectively. It is
evident that the largest changes are observed near the phosphorylation site and the polybasic
region of RhoA with a few residues being visible in the intermediate regions. Figure 8b clearly
highlights the dramatic long range (allosteric) perturbation created by the phosphorylation that
manifests in the substantial structural and energetic rearrangement in the PBR and N-terminal

region as mentioned earlier.
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Figure 9: Mechanistic picture of signal propagation from site of phosphorylation (SP34) to
PBR region in terms of change in residue pairwise average interaction energy (A(E;;)) for (a)
the HTH region, (b) the C-terminal 3-sandwich, and (c) the N-terminal region of RhoGDI. Blue
and red lines indicate the residue-pairs where the interaction becomes stronger (A(E;;) < 0)

and weaker (A(E;;) > 0), respectively, upon phosphorylation.

The next obvious question to address would be how does the signal or energetic perturbation
created by the phosphorylation at Ser34 propagate over such a long distance (>3.5nm) from
the site of phosphorylation to PBR region of RhoA? In order to track the pathway of the
propagation of this energetic perturbation, we have interrogated the rewiring of the underlying
interaction energy (A(E;;)) network. Essentially, we compute the residue pairwise average
interaction energy ((E;;)) and how much that changes upon phosphorylation: A{E;;). Then we
can easily build a network of residue-pairs with significant changes in average interaction
energy and track how the perturbation propagates as shown in Figure 9. Blue and red lines here
indicate pair-wise interactions that became stronger (A(E;;) < 0) and weaker (A(E;;) > 0),
respectively, upon phosphorylation. The A(E;;) value for each residue pair is reported in
supporting information (Table S3). We have also observed that most of these pairs show a
significant change in the hydrogen bond occupancy A(Hb;;) (values are reported in Table S4
of supporting information). Several such pairs form a salt bridge either in the WT or SP34
system. Such a network enables us to easily visualize the sequence of molecular events in terms
of local rearrangement and rewiring of interactions (particularly, hydrogen bonds and salt

bridges) that connect the site of phosphorylation (Ser34) to the distal PBR region.
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As seen in Figure 9a, after phosphorylation at Ser34, since a negative charge is introduced at
pS34, it forms a salt-bridge with Arg120 of RhoGDI. Arg68 of RhoA, which had a favorable
interaction with Glu37 earlier, now moves to form an intermolecular H-bond with Asp185 of
RhoGDI. As a result, the N-terminal region of RhoGDI becomes free and more flexible. This
increased flexibility breaks the intermolecular interactions of Glu22Rn°CP! with Lys104R°A and
Arg182Rm°A (Figure 9b). The N-terminal region moves towards the C-terminal region of
RhoGDI. This conformation is stabilized by a few newly formed intramolecular H-bonds (e.g.,
Glu22/Arg186, Glu22/Lys127, Glu19/Arg180, Glul7/Lys141, and Glul7/Lys138). It is also
interesting to note that the PBR region breaks several hydrogen bonds including a few with the
N-terminal region (Figure 9c). This is associated with the PBR region severing its ties with N-
terminal and forming a few new contacts with the C-terminal region. A mechanistically
important observation is that the salt bridge between CYSG190RMA and Lys167R"CP! preaks
upon phosphorylation, which is essential for the geranylgeranyl group coming out of the
hydrophobic cavity. The minimum distance distribution between the pairs involved in this

pathway is shown supporting information (Figure S8).

An interesting point to note here is that after phosphorylation, the interaction between
Ser188RM°A forms stronger interaction with Glu163R"°CP! and Glu164RM°CP!, Previously it has
been observed that phosphorylation of Ser188R°A |eads to the stabilization of the RhoA-
RhoGDI complex (54). This observation is consistent with our results, since phosphorylation
of Ser188R°A (introduction of negative charge) would lead to repulsion with negatively
charged Glu163R"°CP! and Glu164RM°CP! According to our results, the formation of Ser188RA
and Glu164RnoCP! interaction seems to be an important intermediate state towards eventual

dissociation of the RhnoA-RhoGDI complex.

Conclusions

In this study, we have established the existence of a “phosphorylation code” in the selective
dissociation of RhoA-RhoGDI complex. Our several microseconds long MD simulation
trajectories provide a clear microscopic and mechanistic picture of the initial phases of
phosphorylation. The picture illustrates structural changes including the weakening of protein-
protein interaction only upon phosphorylation at the RhoA-specific site (Ser34). MM-PBSA
binding free energy calculations clearly establish that there is a significant increase in binding

free energy for the complex formation in the case of RhoA-specific phosphorylation at Ser34,
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but no major change for phosphorylation at Ser101/Ser174, presumed to be the functional site
of phosphorylation to release Racl instead of RhoA. We must note here that the binding
between RhoA and RhoGDI mainly originates from the strong interaction of the negatively
charged N-terminal region of RhoGDI and the positively charged PBR of RhoA. When Ser34
is phosphorylated, the interaction between the HTH region of RhoGDI and the switch region
of RhoA is decreased, allowing the N-terminal loop more flexible and moving away from the
PBR. The major structural changes are movement of N-terminal region of RhoGDI from PBR
of RhoA to the C-terminal region of RhoGDI, and also a “pulling out” motion of the
geranylgeranyl group from the hydrophobic cavity of RhoGDI. We have used perturbation in
residue-wise (and pair-wise) interaction energy as a reporter of the structural rearrangements
that are responsible for propagation of the energetic perturbation created by the
phosphorylation. We propose a mechanistic model for the distant signal propagation from the
site of phosphorylation to the PBR and buried geranylgeranyl group in the form of
rearrangements and rewiring of hydrogen bonds and salt bridges (charge-charge interactions),
which demonstrates the crucial role of local and specific electrostatic interactions in the

manifestation of observed allosteric response and “phosphorylation code”.
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