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Abstract

Protein structure has been well established to play a key role in determining function; however,
intrinsically disordered proteins and regions (IDPs and IDRs) defy this paradigm. IDPs and IDRs
exist as an ensemble of structures rather than a stable 3D structure yet play essential roles in
many cell-signaling processes. Nearly all Ras superfamily GTPases are tethered to membranes
by a lipid tail at the end of a flexible IDR. The sequence of the IDR is a key determinant of
membrane localization, and interaction between the IDR and the membrane has been shown to
affect signaling in RAS proteins through the modulation of dynamic membrane organization.
Here, we utilized atomistic molecular dynamics simulations to study the membrane interaction,
conformational dynamics, and lipid sorting of three IDRs from small GTPases Rheb, RhoA, and
DiRas3 in model membranes representing their physiological target membranes. We found that
complementarity between the lipidated IDR sequence and target membrane lipid composition
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is a determinant of conformational plasticity. We also show that electrostatic interactions
between anionic lipids and basic residues on IDRs are correlated with sampling of semistable
conformational substates, and lack of these interactions is associated with greater conformational
diversity. Finally, we show that small GTPase IDRs with a polybasic domain alter local lipid
composition by segregating anionic lipids and, in some cases, excluding other lipids from their
immediate vicinity in favor of anionic lipids.

Graphical Abstract
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INTRODUCTION

Intrinsically disordered regions (IDRs) of proteins are characterized by functionally relevant
rapid transitions among structural ensembles.12 IDRs are most common in proteins involved
in signal transduction pathways and membrane binding.3# One example of membrane
proteins in which IDRs are indispensable for function is the RAS superfamily of small
GTPases. RAS GTPases are ubiquitously expressed in mammalian cells and mediate diverse
cell-signaling pathways including the MAPK pathway.®> Small GTPases are active when
GTP-bound and inactive when GTP is hydrolyzed to GDP.6-8 Dysregulation of this GTPase
cycle due to mutation or overexpression leads to many diseases including cancer and
developmental disorders.®10 The structure of small GTPases is characterized by a highly
conserved globular catalytic domain that is tethered to a target membrane by a hypervariable
myristoylated N- or prenylated C-terminal IDR.11.12

In addition to prenly or myristoyl lipid modification, the IDR of small GTPases often
contains a secondary membrane targeting motif such as a polybasic domain (PBD),

an amphipathic helix, or additional lipid modification(s) near the site of penylation or
myristoylation. The interplay between these membrane targeting signals and the structural
plasticity of the IDR determine cellular localization and lipid selectivity,13-15 as well as
membrane orientation dynamics.16-18 Membrane reorientation is functionally relevant as
certain orientations can be deficient in signaling due to the occlusion of key effector
interacting loop regions by the membrane. Moreover, we have shown previously that the
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lipid anchor of KRAS, one of the three RAS isoforms in humans, engages in electrostatic
interactions with anionic lipids to stabilize specific conformational substates.19-20 These
observations highlight how lipidated IDRs play important roles in the signaling function of
small GTPases on membrane surfaces.

Despite this progress, more work is required to elucidate all of the shared and unique
features of the many diverse lipidated IDRs and how they engage lipids in their respective
target membranes. Are there unifying principles underlying the organization of IDR-
containing lipidated proteins at the membrane surfaces? As part of a broader effort toward
addressing this fundamental question, we conducted microsecond-scale (~35 /s aggregate
time) atomistic molecular dynamics (MD) simulations of the lipid anchors of three small
GTPases from the RAS superfamily: Rheb, RhoA, and DiRas3. Since these proteins differ
in cellular location and function, the simulations were conducted in bilayers modeling the
presumed target membrane of each protein: RhoA and DiRas3 are primarily localized at
the plasma membrane, while Rheb is predominantly found at the endoplasmic reticulum
(ER). Rheb regulates cell growth and proliferation by activating the mammalian target of
rapamycin complex 1 (nTORC1),21:22 RhoA regulates cytoskeleton actin organization,23
and DiRas3 suppresses tumor growth?4 likely by disrupting KRAS signaling on the plasma
membrane (PM).25 The three membrane anchors also differ in lipid modification: Rheb
and RhoA are C-terminally prenylated, while DiRas3 is N-terminally myristoylated. The
membrane anchors we studied thus represent lipidated IDRs of distinct sequence, structure,
and target membranes that have potentially unique functional consequences. We show that
these IDRs share structural plasticity and preferential interactions with specific lipid species
but diverge in their ability to sample a defined set of conformational substates that are
stabilized by selective interactions with lipids.

METHODS

Initial Peptide Structure and System Construction.

The amino acid sequence, lipid modification, and initial structure of the C-terminally
prenylated lipid anchors of Rheb and RhoA as well as the N-terminally myristoylated
membrane anchor of DiRas3 (DNTE) are shown in Figure 1. No experimental structure

is available for these peptides, but they are expected to be largely unstructured except for
DNTE, which was found to have ~14% helical content in solution using circular dichroism
(CD) spectroscopy.?® Therefore, the 11-residue-long Rheb and RhoA were modeled as
random coils, and the starting structure for DNTE was prepared as described in the SI. These
initial structures were attached to a bilayer by manually inserting at least 5 carbon atoms
of the myristic or prenyl lipid tail in the hydrophobic core of one leaflet, as described
previously.29 Each peptide-bilayer system was then solvated with TIP3P waters2® and
neutralized by adding Na* ions, resulting in the simulation systems listed in Table 1.

Model Membranes and Lipid Composition.

Initial bilayer models were generated using CHARMM-GUI Membrane Builder27:28
with the composition of lipids determined on the basis of a lipidomic analysis of cell
membranes.2® As noted above, Rheb is primarily localized in the cytosolic side of the ER
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membrane.2! Therefore, we simulated its lipid anchor in a bilayer approximating the ER
lipid composition composed of 56 POPC, 30 POPE, 7 PI, and 8 Chol lipids in which a
single POPC lipid from the Rhebcontaining leaflet was removed to account for the area
occupied by the peptide (see Table 1 for abbreviations and Figure S1 for lipid chemical
structures). RhoA is primarily localized at the inner leaflet of the plasma membrane (PM),
which is enriched in phosphatidylserine (PS) and phosphatidylethanolamine (PE) lipids and
likely prefers liquid-ordered domains. Therefore, the RhoA lipid anchor was simulated in a
simplified PM model bilayer containing 96 POPC lipids in one leaflet (outer) and 50 POPC,
30 POPE, and 20 POPS lipids in the other leaflet (lower), where the peptide is attached.
Interleaflet area symmetry was achieved by adjusting the number of lipids per leaflet using
areas per lipid determined by CHARMM-GUI’s Membrane Builder and accounting for the
approximate surface area of the peptide, as described previously.20 This was required to
reduce differences in lipid packing between leaflets that would cause membrane curvature.39
Even though the ratio of PS to the total number of lipids is low in this setup, the 20% PS
content in the lower leaflet exposes the RhoA peptide to a similar charge density as in our
previous simulations of KRAS,16:31 allowing us to make direct comparisons. The longer and
more complex DiRas3 N-terminal membrane anchor,25:32 which to our knowledge has not
been simulated before, was initially simulated in a simpler model bilayer of asymmetric PC
and PS lipids and then in a more complex asymmetric PM mimic based on a recent paper
describing specific leaflet compositions.33 Here, the peptide-free (upper) leaflet contained
POPC and PSM lipids of equal ratio, while the peptide-containing lower leaflet comprised
equal numbers of POPC, POPE, PlaPE, and POPS lipids (Table 1).

MD Simulations.

All simulations were conducted using the CHARMMB36 force field.3435 Rheb and RhoA
were equilibrated with the NAMD simulation package3® and DiRas3 with GROMACS.3’
Similar equilibration protocols were used for all systems, with each system energy-
minimized for 2000 steps with lipid phosphorus and protein backbone atoms fixed and
then for another 2000 steps without fixed atoms using the conjugate gradient (NAMD) or
the steepest descent (GROMACS) method. After minimization, systems were equilibrated
with Az= 1 fs for 4 ns applying a harmonic restraint of force constant & = 4 kcal/mol A2
to lipid phosphorus and protein backbone atoms. The restraint was scaled down by 25%

in four steps of 1 ns each until k= 0. The systems were then simulated with A¢= 2 fs,
using the particle mesh Ewald (PME) method38 for long-range electrostatic interactions
and restraining bonds involving hydrogen atoms with SHAKE3? (NAMD) or LINCS#0
(GROMACS). A switching function with 10 and 12 A distance cutoffs was used, with

a 14 A cutoff for the pair-list update. The NPT (constant number of particles, pressure,
and temperature) ensemble was used with the Nose-Hoover Langevin piston and Langevin
thermostat (NAMD) or the velocity-rescaling thermostat*! and Parinello-Rahman barostat*2
(GROMACS) to maintain pressure at 1 bar and temperature at 310 K, respectively. After
equilibration, RhoA and Rheb were simulated for 40 ns and DNTE for 400 ns on local
resources and then transferred to Anton 2.43 Anton simulations used default Desmond
parameters for the NPT ensemble and a 2.5 fs time step and ran for 2 s (RhoA and

Rheb) or 10 s (DNTE), with snapshots written out every 100 ps for analysis. Note that
although DNTE was equilibrated with GROMACS, it used the same force field and a similar
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equilibration protocol as those of the RhoA and Rheb systems. Moreover, all production
runs were conducted on Anton 2 with an identical protocol.

Trajectory Analysis.

Trajectories were analyzed using the MDAnalysis python library** or GROMACS analysis
tools, with additional analysis performed with Visual Molecular Dynamics (VMD) scripts.*®
Statistical analyses were performed in Python using the Scipy library.46 For Rheb and RhoA,
the best equilibrated last 1.5 /s of the trajectories was used to obtain equilibrium properties.
We used the entire 10 zs trajectory of DNTE for analysis because this simulation was
started from an already well-equilibrated bilayer system (see Sl text and Figure S2). Bilayer
thickness (P-P) was measured by using the z-component of the distance between the centers
of mass (COM) of the phosphorus atoms in the two leaflets. Area per lipid (APL) was
calculated using the area-per-lipid class in the Lipyphilic Python toolkit,4” which utilizes
\oronoi Tesselations to calculate the surface area of individual lipid molecules. Probability
density functions were calculated using the Gaussian KDE method from scipy stats. 2D
particle density calculations were performed by wrapping lipid coordinate positions around
the COM of each protein and calculating the Gaussian kernel density distribution of X/Y
coordinates of lipid phosphorus atoms around the protein COM. We used mean square
displacement (MSD) calculations to obtain the lateral diffusion coefficient (D) of lipids.
Multiple reaction coordinates were defined for structural analyses of the peptides. These
included end-to-end distance (d) of the backbone to measure compactness, pseudo-dihedral
angles (a) defined by four consecutive Ca atoms to assess local structural features, and
pairwise distances between nonadjacent Ca atoms to perform principal component analysis
(PCA) with the PyEMMA library.#8 Secondary structure content was calculated using the
DSSP#? method implemented in the MDTraj Python library.50 Peptide-lipid interactions
were monitored by counting the number of hydrogen bonds (defined by an angle cutoff of
130° and distance cutoff of 3 A) and van der Waals (vdW) contacts (defined to occur if two
carbon atoms are within 4 A of each other).

RESULTS AND DISCUSSION

The current work has focused on MD simulation analyses of the lipidated IDRs shown in
Figure 1 bound to the model membranes listed in Table 1. The time evolution of bilayer
thicknesses (Figure S3) and surface areas (not shown) indicated that all three bilayers have
fully stabilized during the equilibration phase of the simulations, fluctuating around the
mean values listed in Table 1. Plots of backbone root-mean-square deviation (RMSD) and
membrane insertion depth of the lipid-modified residue (/p), as well as the numbers of
hydrogen bonding (Mqg) and vdW (A,qw) contacts (Figure S4), show that all three peptides
quickly adsorbed and stabilized in their respective bilayers (e.g., within 0.5 zs in RhoA and
Rheb). Based on the RMSD profiles, we decided to use the last 1.5 /s data of Rheb and
RhoA and the entire trajectory of the more complex DNTE for the analysis of equilibrium
properties.

A bilayer similar to our RhoA model membrane has been simulated before,20 but, to
our knowledge, the Rheb and DNTE bilayer systems were not previously studied with
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simulations. Therefore, we first briefly discuss the structure and dynamics of the three
bilayers based on typical structural properties such as bilayer thickness (P-P distance), APL,
diffusion coefficient (D), and acyl chain order parameters. We then describe our findings on
the membrane interaction, structure, and dynamics of the lipidated IDRs.

Bilayer Structure and Dynamics.

Table 1 shows that the P—P distances in the RhoA and DNTE bilayers are 39.0 and 39.2

A, respectively. Their peptide-free monolayer surface area normalized by the number of
lipids in that monolayer is also comparable (Table 1). These suggest that, despite differences
in lipid composition, our PM models are structurally similar to each other and to other

PM model membranes such as PC-PC/PS and PC-PC/PS/PE bilayers.20-51 By contrast, an
average thickness of 40.4 A in the Rheb bilayer indicates that our ER model membrane

is slightly thicker. This is expected because cholesterol increases lipid packing and bilayer
thickness and decreases area per lipid (APL).%2:3 Consistent with the trend in bilayer
thickness (Table 1), the APL of both POPC (APL(PC)) and POPE (APL(PE)) is slightly
smaller in Rheb than that in RhoA or DNTE (Figure 2A). This is consistent with C13-nuclear
magnetic resonance (NMR) experiments showing that cholesterol reduces the APL of a
POPC bilayer.>2 APLs of Pl and Chol from the Rheb simulation (Figure 2A) are consistent
with expectation from the size of their headgroup (Figure S1).

We obtained average APL = 67.1 + 2.0 A2 for POPC in the peptide-free leaflet of the RhoA
simulation, a value similar to that from a previous simulation of a similar mixed bilayer
(66.2 + 1.3 A?),20 and experimental data in a pure POPC bilayer (67.3 A2 at 323 K).54
APL(PC) in the peptide-containing lower leaflet of RhoA is slightly smaller than that in the
upper leaflet likely because of interactions with the bound peptide. APL(PS) and APL(PE)
from the RhoA simulation are comparable to data from a previous simulation of the same
lipid mixture.20 As in the P-P distances, the average APL of lipids in the compositionally
more complex DNTE bilayer is similar to those in the simpler PM mimic RhoA. However,
there is no difference in APL(PC) between leaflets, and APL(PS) is slightly larger and
APL(PE) slightly smaller in DNTE than in RhoA (Figure 2A). APL(PSM) and APL(PlaPE)
are consistent with expectations from molecular structures (Figure S1).

Acyl chain order parameters (Scn) plotted in Figure S5 show that the three bilayers are
remarkably similar in lipid packing despite differences in composition and symmetry. Still,
both the Sn-1 and Sn-2 acyl chains of PC and PE lipids are somewhat more ordered in Rheb
than in the other bilayers (Figure S5), consistent with the increased bilayer thickness and
reduced APL discussed above. The Scp profiles of lipid types shared between the simpler
RhoA and the more complex DNTE PM mimics are very close to each other. Interestingly,
acyl chain dynamics are identical between the peptide-containing lower and peptide-free
upper leaflets in Rheb and DNTE, and the Scp profiles of lipids found only in Rheb (PI) or
DNTE (PSM and PlaPE) do not display unexpected behavior (Figure S5). In contrast, acyl
chains of POPC are slightly less ordered in the peptide-containing lower leaflet of the RhoA
bilayer, reflecting the interleaflet difference in APL(PC) seen in Figure 2 and recapitulating
a previous observation in a similar bilayer with the KRAS membrane anchor.20 Overall, the
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two compositionally different PM mimics RhoA and DNTE are characterized by similar
average structural properties that differ from those of our ER model membrane Rheb.

To assess the consequence of these structural differences and similarities in lipid dynamics,
we calculated the lateral diffusion coefficient (D) of each lipid type (Figure 2B). It is
immediately clear that lipids in the DNTE membrane are generally less mobile than in Rheb
and RhoA, and that the latter two share similarity in terms of lipid mobility (Figure 2B). For
POPC, we obtained an average D~ 9.0 zm?/s in all simulations, a value close to previous
observations from simulations!®-20 and experiments.5® Similar values were obtained for
POPC, POPS, and POPE in the lower leaflet of RhoA, as well as for POPC, POPE, PI, and
Chol in the Rheb simulation and for PSM in DNTE (Figure 2B). However, we obtained

a lower value of D~ 6.0 um?/s for POPS, POPE, and PlaPE lipids in the DNTE system.
Lipids including POPC in the peptide-containing lower leaflet are less mobile in RhoA and
even more significantly in DNTE. The restricted lateral dynamics of lipids in the lower
leaflet of these systems is likely due to interaction with the bound peptide, which will be
discussed in subsequent sections.

Rheb Membrane Anchor Is Flexible and RhoA Samples Multiple Semistable
Conformational Substates.

As noted above and shown in Figure S4B using the membrane insertion depth of the prenyl
chains (Ip), both Rheb and RhoA rapidly inserted and stabilized in their respective bilayer.
Following insertion, RhoA fully adsorbed into the bilayer with the backbone lying flat in the
headgroup region (Figure 3). In contrast, Rheb remained extended and flexible, interacting
with the host monolayer primarily via its farnesyl chain (Figure 3). These observations are
consistent with previous findings from simulations in asymmetric PC-PC/PS bilayers,5!
with the difference between the two peptides in bilayer localization ascribed to RhoA'’s
ability to engage anionic lipids through its PBD. This is supported by the 2-fold higher
number of peptide-lipid HB interactions (Nyg) in RhoA (5.5 = 2.4) than in Rheb (2.6 £

1.5) (Figure 4A & SAD). Unsurprisingly given the PBD, RhoA predominantly interacts with
PS (and PC to some extent), while Rheb interchangeably and weakly engages PC and PE
(Figure 4A). The radial pair distribution plots in Figure 4B further show that each of the
three Lys and two Arg residues in the RhoA PBD strongly interact with PS and to a lesser
extent with PE, whereas the single Lys in Rheb only modestly interacts with POPE. The
Rheb and RhoA IDRs also differ in the number of vdW contacts (Mqgw) they make with
lipid acyl chains (Figure S4C). We obtained Mgy = 24.5 £ 9.4 for RhoA and 17 £ 6.9 for
Rheb. This difference is almost entirely a result of the longer 20-carbon geranyl-geranyl
acyl chain in RhoA versus the 15-carbon farnesyl chain in Rheb. Taken together, these
results suggest that not only do Rheb and RhoA IDRs differ in structure and membrane
adsorption but also in apparent affinity for their host membrane, with RhoA likely attaching
to the PM more tightly than Rheb to the ER membrane. We arrived at the same general
conclusion in a previous MD study using a bilayer of different lipid compositions and where
sampling of phase space was more extensive.?!

We have shown in previous studies!®-20:51 that bilayer organization and lipid interaction of
lipidated IDRs are correlated with backbone conformational dynamics. To test if this is the
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case in the current Rheb and RhoA simulations, we analyzed simulated conformers of each
trajectory (last 1.5 /s) using backbone end-to-end distance (d) and pseudo-dihedral angle
(&) as reaction coordinates to respectively measure global and local structural features (see
the Methods section). Plots of P(d,a) probability density distributions (Figure 5A) show that
Rheb predominantly sampled extended conformations of specific planarity, with occasional
excursions into conformations of local structure characterized by a> 0.0°. In contrast,
RhoA sampled multiple metastable states including a compact semiordered conformation
and extended structures with either < 0.0° or a> 0.0°. As found in a previous study®!

and further discussed later, sampling of these metastable conformations is correlated with
preferential interactions with anionic lipids (Figure 5B), suggesting that interplay between
IDR sequence and anionic lipid content of the membrane underlies the conformational
energy landscape of lapidated IDRs.

DNTE Undergoes Disorder to Order Transition upon Binding to and Stabilizing in an
Anionic Membrane.

As described in the SI, the DNTE simulation discussed here was preceded by extensive

(21 /s aggregate time) exploratory simulations in search of an initial structure and setup
that may produce reliable results and conforms to known patterns of amphipathic helix
membrane binding.58-58 In this final simulation, we found that DNTE quickly adsorbed and
stabilized in the bilayer as in the Rheb and RhoA simulations, with its Ip fluctuating around
a mean value of ~11 A (Figure S4B). However, unlike the smaller Rheb and RhoA peptides,
DNTE’s electrostatic and vdW interactions with lipids continued to evolve until about 3

18, as can be seen from the plateauing of the time evolution of Ayg and A,qyy after this
time point (Figure S4C,D). The backbone RMSD fluctuated until about 5 zs (Figure S4A).
Note that the initial solution structure of DNTE was characterized by a helix-turn-helix
motif, with the N-terminal a-helix (residues 8-16) persisting throughout our exploratory
simulations in bilayers (Figure S2). Therefore, we monitored changes in secondary structure
content during the final simulation and found that DNTE undergoes substantial structural
changes (Figure S6). This included the N-terminal helix unfolding quickly, including during
a 400 ns equilibration run, and the C-terminal helix reemerging within the first 100-200

ns of the production run (Figure S6). The C-terminal helix was unstable until about 3

16 but fully stabilized as a 9 amino acids-long helix (residues 21-29) in the second half

of the trajectory, following the stabilization of Mg, Mqw, and RMSD (Figures S4 and

S6). In addition, - and 3/10-helices sporadically formed throughout the simulation, and

a short helix spanning residues 2—6 appeared at the end of the simulation (Figure S6). In
short, DNTE’s helical content fluctuated between 0 and 20% in the first half and stabilized
at ~30% during most of the second half of the trajectory, reaching ~40% at the end of

the simulation. Consistent with this observation, it was found experimentally that DNTE’s
helicity increases upon binding to anionic lipids.2> Moreover, mutating the myristoylatable
Gly 2 (first residue in Figure 1) to Ala did not affect the helical content or response to
anionic lipid binding, and a peptide made up of residues 2-11 of DNTE has a lower helicity
than the wild type (8% versus 14%) in solution. Importantly, the helical content of this
peptide did not increase in the presence of anionic lipids. In contrast, a peptide made up of
residues 12—29 of DNTE transitioned from 11% helicity to mostly helical upon anioniclipid
binding.2> These experimental findings validate our simulation results.
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DNTE Interacts with Lipids Extensively through both Hydrophobic and Basic Residues.

Like the PBD-containing RhoA membrane anchor, the entire structure of DNTE with the
exception of the polar residues around GlIn 9 submerged in the bilayer (Figure 6A,B). Note
that while polar or basic amino acids dominate in Rheb and RhoA membrane anchors,
DNTE harbors mostly polar (residues 1-10, which we call p) and hydrophobic (residues 18—
25, np) segments, as well as two segments of basic plus hydrophobic amino acids: residues
12-17 (pb1) and residues 26-33 (pb2) (Figure 1). Moreover, the C-terminally prenylated
Rheb and RhoA lack secondary structure, whereas the N-terminally myristoylated DNTE
has a significant helical content (discussed above). Therefore, DNTE has the potential to
interact with lipids via a combination of hydrophobic residues, an amphipathic helix, and
two PBDs. Figure 6A,B shows that this is indeed the case. Almost all residues in the np
segment, which are mostly located on the C-terminal helix, are deeply inserted into the
bilayer and interact with lipid acyl chains. These include Leu 18, Leu 22, lle 24, and Leu
25. Similarly, both the hydrophaobic (e.g., Leu 13 and Leu 16) and basic (Lys 14, Arg

15, and Arg 17) residues in pbl interact with lipids, with the Arg and Lys snorkeling to
engage in both vdW and electrostatic interactions. The N-terminal half of pb2 residues
including those on the helix, such as Arg 26, Phe 28, and Lys 29, engage lipids in a

similar manner, whereas the last few residues of pb2 remained flexible and occasionally
solvent-exposed. The polar segment p forms a hook-like structure so that most side chains
remain solvent-exposed throughout the simulation while the myristate and Phe 5 insert

deep into the bilayer hydrophobic core. These interactions are consistent with experimental
observations. For example, simultaneously replacing 5 basic amino acids to Gln in pb1 and
pb2 (Lys 11, Lys 14, Arg 15, Arg 17, and Arg 26) eliminated DNTE’s ability to bind anionic
lipids but did not affect helicity.2> Mutating the hydrophobic Leu and Ile residues in the
middle of the peptide (in pb1 and np) eliminated both helicity and lipid binding ability.2>
Taking these together, we conclude that the basic residues of DNTE contribute to membrane
binding, whereas the nonpolar amino acids in the center of the peptide have roles both in
structural integrity and membrane binding.

Electrostatic Interactions with Anionic Lipids Stabilize Semiordered Structures of RhoA
and DNTE at Membrane Surfaces.

We previously observed that extended and curled or semiordered conformations of
KRAS,19:20 35 well as RhoA and other®® PBD-containing lipid anchors of small GTPases,
interact differently with PS lipids. We therefore wondered whether the frequently sampled
RhoA conformations seen in Figure 5A differ from the rest in their electrostatic interactions
with lipids. To check this, we pooled together all metastable conformers (high-density
regions in Figure 5A) and compared their average Nyg with PS, PC, and PE to that observed
in all simulated conformers and in a pool of nonmetastable conformers. We found that the
number of HB contacts of RhoA with POPC is similar in the different pools of conformers
but the metastable conformations have a higher total Nyg as well as PS- and PE-specific
Nygs (Figure 5B). This suggests that increased levels of hydrogen bonding with anionic
lipids stabilize distinct substates including semiordered conformations of RhoA.

To test if this observation on RhoA extends to the much longer and more complex IDR
of DiRas3, we first performed principal component (PC) analysis over the entire trajectory
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based on pairwise distances between nonadjacent Ca atoms (see the Methods section). The
goal was to categorize the simulated conformers into a manageable set of subensembles.
Figure 6C shows the resulting distribution of DNTE conformers along the top 2 PCs, which
together covered over 55% of the variance. We observe two well-separated ensembles of
conformers along PC1, each of which is further divided into at least two subensembles along
PC2. The snapshots taken from the center of the four high-density regions or subensembles
(labeled 1-4 in Figure 6C) demonstrate a clear relationship between backbone conformation
and lipid interaction including membrane insertion depth (Figure 6C). In subensembles

1 and 2, the peptide is bent at the center and inserts deep into the bilayer, with the

two subensembles differing primarily in the extent of bilayer penetration. The backbone

is straighter in subensembles 3 and 4 and lies mostly flat at the surface close to the
phosphate group region. We then tested if these subensembles differ in interactions with
lipids by comparing the number of hydrogen bonds with PS (AMqg(PS)) and the humber of
vdW contacts with lipid acyl chain carbons (Afqw). There is a clear correlation between
backbone conformation, membrane insertion depth, and Ayg(PS), but not A{qw (Figure
6D): deeply inserted conformations interact with PS phosphate oxygens less frequently.

The correlation between conformational preferences of RhoA and DNTE and side-chain-
dominated interactions with inner leaflet PM lipids supports previous observations on
ensemble-dependent lipid sorting and a key role of the PBD in this process.1415.20.51

Protein—Membrane Electrostatic Interactions Alter Local Lipid Composition.

Because previous studies have indicated that the PBD of small GTPase membrane anchors
induces clustering of anionic membrane lipids,14:15:19.20.51 e decided to look at lipid
clustering around the peptides simulated in this work. To do this, we calculated the 2D
particle density of lipids around each peptide’s center of mass. We found significant
clustering of the anionic PS lipids around the PBD-containing DNTE and RhoA, with

the density of other lipids around DNTE being much smaller (Figure 7). This result is
consistent with the reduced lateral mobility of lipids in the peptide-containing leaflet of
these systems (Figure 2B), and concordant with our previous observations in the KRAS
membrane anchor.14.1519.20 Rheb appears to have some preference for PE and Chol as
suggested by their density near the peptide center of mass (Figure 7) and the radial pair
distribution (g(n) of Rheb side-chain atoms around lipid phosphorus atoms (Figure S7A).
There are also high-density areas of Pl including near the Rheb peptide (Figure 7), but the
g(n plots in Figure S7A show that colocalization of Pl with Rheb is not much different
from that of PC. Instead, we found that the g(7) for PI self-interaction is much higher

than any other lipid type (Figure S7B). To check this further, we performed the same 2D
particle density calculation for lipids in the peptide-free leaflet of the Rheb simulation
(Figure S8). The data show a nonuniform distribution of PI and to a lesser extent Chol, but
the degree of clustering is stronger in the peptide-containing monolayer. Although further
investigation is required because the small number of Pl and Chol in the Rheb system
makes number density analysis less reliable, these observations suggest that clustering

of Pl and to some extent Chol may be induced by self-interaction that is enhanced by

the peptide. This inference is supported by experimental studies that have shown that Pl
forms microdomains.50 In contrast, there was little PS self-interaction in either of our
PS-containing systems (Figure S7B), confirming that the clustering of PS lipids we observe
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in Figure 7 is caused by selective interaction and sorting of these lipids by RhoA and DNTE.
In addition to differences in basic residue content, the observed differential peptide-lipid
associations among Rheb, RhoA, and DNTE may reflect differences in the number of PS
and P1 lipids in the bilayers as well as the better availability for interaction of the PS
carboxylate than the Pl phosphate, whose accessibility is impeded by the large sugar head
(see Figure S1).

Conclusions and Implications for Function.

The three membrane anchors studied in this work represent distinct classes of lipidated
IDRs in terms of both sequence composition and lipid modification (Figure 1). The
C-terminally prenylated Rheb and RhoA are both 11-residues long, highly polar, and

lack a secondary structure, while the N-terminally myristoylated DNTE is much longer,
more complex in sequence composition, and is partially helical. In addition, the small
GTPases from which the three membrane anchors were derived diverge in their preference
for cellular membranes, with Rheb primarily residing in ER membranes, RhoA in the

PM, and DiRas3 more widely distributed but with a preference for the PM. Therefore,

we simulated each peptide in a different model membrane: Rheb in a bilayer of lipid
composition approximating that of the ER, RhoA in a simplified PM model membrane,
and DNTE in a complex bilayer following exploratory simulations in simpler bilayers.
Results from the simulations indicate that the three lipidated IDRs display a wide range of
membrane organization profiles and conformational dynamics, and sampling of semistable
conformational substates is correlated with the combined effects of target membrane lipid
composition and IDR sequence. Specifically, the PBD of RhoA and DNTE stabilizes
specific conformational substates by interacting with anionic lipids, in agreement with
observations in the KRAS membrane anchor.14.1519.20 | contrast, the IDR of Rheb lacks
not only a PBD but also a net charge and therefore only weakly interacts with PE but less so
with the anionic PI. The plasma membrane is highly enriched with anionic lipids, while the
ER membrane is more neutral. This contrast highlights the importance of complementarity
between a lipidated IDR sequence and the lipid composition of its target membrane.

We note in this context that lipid species not included in the current simulations, such

as phosphorylated PIPs, may modulate the population distribution of the conformational
substates we have observed. This will be tested in future studies.

The high density of polar residues in Rheb may also reduce its membrane affinity, and

the lack of favorable electrostatic or hydrophobic interactions may prevent formation of
metastable conformational substates. We have shown previously that the conformational
plasticity of the KRAS16:31.61 and the Rheb and RhoAl” membrane anchors is a key
determinant of orientational dynamics of the full-length proteins on membrane surfaces.
Insights from the current work provide a molecular basis for how the interplay between
the anchor sequence and lipids may modulate membrane reorientation of small GTPases.
Conversely, transient interactions of the catalytic domain with the flexible anchor or

with lipids may stabilize certain lipid anchor conformations. Furthermore, interaction with
negatively charged phospholipids is believed to be an important mechanism by which KRAS
forms nanoclusters on the PM to enhance signaling efficacy.52 Besides KRAS, there is
evidence that other small GTPases such as Rac163:64 also form nanoclusters that may
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enhance their signaling potential. Although the mechanism of RhoA clustering is unclear®®
and there is no evidence for DNTE forming nanoclusters, our findings that their membrane
anchors preferentially interact with and segregate anionic lipids imply that these proteins
may also be able to form signaling nanoclusters through a similar lipid sorting mechanism.
Moreover, DNTE segregated PS lipids to such a degree that other lipid species were far
less present around the peptide (Figure 7). This result corroborates experimental studies
that have shown that DNTE interacts strongly with anionic PIP lipids and, albeit with less
affinity, with PS lipids.25> While DiRas3 has been shown to prevent formation of KRAS
nanoclusters, possibly through competitive dimerization with KRAS,32 our observations
on DNTE’s ability to displace other lipid species in favor of PS suggest that competitive
interactions with anionic phospholipids may also contribute to the disruption of KRAS
nanoclusters whose stability has been shown to be PS-dependent.52.66
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Figure 1.
Sequence (A) and initial structure (B-D) of prenylated C-terminal membrane anchors of

Rheb and RhoA and myristoylated N-terminal extension of DiRas3 (DNTE). Color code as
indicated.
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(A) Time averaged area per lipid (APL) and (B) lateral diffusion coefficient (D) of each

lipid type in each simulation. APL was calculated using the last 1.5 /s of Rheb and

RhoA simulations and the entire trajectory of DNTE. D was obtained from mean square
displacements (MSD) calculated using 200 ns time blocks of the last 1 s data, with linear
regression performed on the most linear portion of the MSD plots, as described previously.20
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Acyl chain color code: , POPE, POPS, SAPI,
Head group: purple balls

Figure 3.
Snapshot at the end of Rheb and RhoA simulations illustrating the organization of the

lipidated IDR in bilayer, highlighting basic residues in blue, acidic in red, lipidated cysteines
in magenta, and remaining backbone atoms in atom-colored licorice. Protein backbone is
shown in cartoon and side chains in licorice. Lipid acyl chains are shown as surface and
head groups as sphere colored as indicated. Lipid atoms including those of POPS within 10
A of protein heavy atoms as well as water and ions are omitted for a better visualization of
the peptide.
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Figure 4.

Radius (A)

(A) Time evolution of the number of hydrogen bonds (AMqg) between all protein hydrogen
bond donors and phosphate oxygen atoms of each lipid type in Rheb (top) and RhoA
(bottom) simulations. (B) Radial pair distribution of phosphate oxygen atoms around the NZ
atom of lysine and NH1 atom of Arg side chains on the Rheb and RhoA anchors.
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Figure 5.

(A) Peak-normalized 2D probability number density distribution of the Rheb and RhoA
simulated conformers along a pseudo-dihedral angle and end-end distance reaction
coordinates. The dihedral angles were calculated using four consecutive Ca atoms and

the distance was between Ca atoms of C and N-terminal residues. Representative structures
for the highest peaks are shown in purple with residues used for pseudo-dihedral angle
calculation marked in gold. (B) Waterfall plots of the average number of hydrogen bonds
between RhoA and lipids comparing all semistable conformations (combining conformers in
all of the high-density contours in Figure 2) and the rest of the conformers.
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Figure 6.

(A) Snapshot at the end of the DNTE simulation illustrating the organization of the peptide
on the host monolayer with residues colored as in Figure 1D, except for the myristoylated
Gly which is now in magenta. Lipid atoms including those of POPS within 10 A of
protein heavy atoms as well as water and ions are omitted for clarity. (B) Close-up view

of the bilayer insertion depth and lipid interaction of DNTE. Lipids are in gray lines

with phosphorus atoms shown as orange balls. DNTE is shown in cartoon representation
with side chains colored in red (acidic), blue (basic), white (nonpolar), and green (polar).
(C) Distribution of simulated conformers along the top two principal components, PC1
and PC2, based on pairwise Ca atom distances excluding adjacent residues. Example
structures for the high-density regions labeled 1-4 are shown (arrows), highlighting the
shape and insertion depth of DNTE relative to the phosphate groups of the host monolayer
(red spheres). Side chains are shown in licorice with residues colored as in Figure 1. (D)
Frequency of DNTE-PS hydrogen bonds (AMyg, left) and van der Waals contacts (Ayqw) of

DNTE nonpolar side chains and lipid acyl chains. Calculations were done using conformers

from the regions of interest (ROI) marked with black squares in panel (C).
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Figure 7.
2D particle density of lipids around each lipidated IDR during the three simulations (see

the Methods section). Normalized Gaussian kernel density values are shaded according to

a global color scale where highest and lowest densities are the maximum and minimum
densities out of all data sets. This allows one to compare the relative probability among lipid
types and across simulations.
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