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Abstract

The small GTPase Rab5 is a key regulator of endosomal trafficking processes and a marker
for the early endosome. The C-terminal hypervariable region (HVR) of Rab5 is post-

translationally modified at residues Cys?? and Cys?*®

to accommodate two geranylgeranyl
anchors (C20 carbon chain length) in order to associate Rab5 with the membrane. The
structural role of the HVR regarding protein-early endosome membrane recruitment is not
resolved due to its high degree of flexibility and lack of crystallographic information. Here,
full-atomistic and coarse-grained molecular dynamics simulations of the truncated Rab5
HVR*%%5 in three model membranes of increasing complexity (pure phospholipid bilayer,
ternary membrane with cholesterol, six-component early endosome) were performed.
Specific electrostatic interactions between the HVR**®#* Arg209 residue and the phosphate
group of the inositol ring of PI(3)P were detected. This shows that PI(3)P acts as a first
contact site of protein recruitment to the early endosome. The free energy change of HVR?*®
215 extraction from the bilayer was largest for the physiological negatively charged
membrane. 5 us coarse-grained simulations revealed an active recruitment of PI(3)P to the

HVR?°*?'> supporting the formation of Rab5- and PI(3)P enriched signaling platforms.
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1. Introduction

Rab GTPases are key regulators of vesicular transport between different intracellular
compartments in eukaryotic cells. As peripheral membrane proteins they are post-
translationally modified by fatty acid chains which anchor them to the membrane. This lipid
anchor is covalently attached within a C-terminal hypervariable region (HVR) which has a
disordered structure and is thus highly flexible. The role of the HVR is controversially
discussed in literature [1, 2] and it remains still unclear if Rab targeting to specific cellular
membranes is HVR-dependent. The HVR is the linker between the catalytic GTPase domain
(G domain) and the membrane anchor; however, its concrete function varies between
different members of the Rab family. In some cases, e.g. Rab7 and Rab35, the HVR is
essential for specific Rab targeting [3]. Hydrophobic lipid anchors are distinguished
according to their structure (branched or unbranched) and their chain length. Common lipid
anchors are branched isoprenyl groups like geranylgeranyl or farnesyl chains, saturated fatty
acids like palmitoyl chains, sterol groups or glycophosphatidylinositol (GPI) anchors. The
partitioning of membrane proteins into raft regions, i.e. dynamic lateral substructures rich in
sphingolipids and cholesterol [4, 5], or non-raft regions appears to depend on the type of
lipid modification. Saturated lipid moieties, GPI as well as sterol anchors are known to target
proteins into raft-like domains. On the other hand, short unsaturated or branched lipid
modifications counteract a partitioning into highly ordered raft domains [6]. However, it is still
under debate to what extent lipid anchors affect protein sorting and membrane organization
and which other factors may be involved [7-9]. Observations suggest that apart from pure
liquid ordered (Lo) — liquid disordered (Ld) phase separation also the plasma membrane
composition with regard to lipid-protein and protein-protein interactions is important for the
phase preference of lipid anchored signaling proteins.

In this study we focus on a truncated Rab5 HVR (hereafter, HVR?*®%®) with two
geranylgeranyl (GG) chains covalently attached to residues Cys®*? and Cys**® (Figure 1).
Except for membrane binding via its GG anchor little is known about C-terminal Rab5-

membrane interactions. Besides mainly polar uncharged amino acids the peptide contains
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one positively charged arginine residue. Rab5 is associated with the regulation of early
endosomal trafficking, vesicle budding, early endosomes fusion, phagocytic transport and
micropinocytosis [10]. Previous molecular dynamics (MD) studies of full-length Rab5
revealed two different orientations of the catalytic G domain, resulting in the formation of
multiple protein-lipid contacts [11]. A similar behavior with at least two dominant G domain
binding modes was observed for full-length H-Ras [12] and K-Ras [13] in atomistic MD
simulations. These membrane-associated orientational dynamics appear to be a general
concept for a wide range of lipidated small GTPases [14]. In order to investigate the
interactions between protein and lipids in more detail, model systems representing the
membrane-anchored C-terminus of small GTPases, often a short peptide sequence, were
analyzed in several studies. Experimental solid-state NMR and Fourier transform infrared
spectroscopy as well as MD simulations were used to investigate N-Ras peptide dynamics in
a DMPC lipid bilayer [15-19]. Moreover, MD simulations were performed, elucidating
different conformational states of the lipidated, positively charged K-Ras C-terminus [20] and
point to the role of charged lipids in membrane systems on protein binding [21].

Our MD study investigates the Rab5 HVR**®?® bound to membranes of different lipid

R2%6-215 showed several distinct

composition in a multiscale approach. The highly flexible HV
conformational states. Electrostatic interactions between the charged PI(3)P signaling lipid
and the protein arginine amino acid residue were observed and indicate a membrane-protein
recruitment site. The potential of mean force of the GG anchor extraction by steered MD and
umbrella sampling method showed that these electrostatic interactions with the charged
membrane persist after the GG anchor was completely removed from the bilayer. We
employed long-term coarse-grained MD simulations to sufficiently sample the lipid diffusion
in membranes which revealed a significant accumulation of cholesterol and PI(3)P in close

proximity to the peptide.
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Figure 1 The geranylgeranyl (GG) chain is covalently attached to a protein cysteine residue (A).
Rab5 C-terminal HVR?*®**® sequence (top) and structure of two GG chains in the membrane (B). MD

simulated full-sequence Rab5 protein binding to the membrane (C).

2. Methods

2.1 Protein structure preparation and parameterization of the lipid anchor
We constructed a HVR?®?%
(NH;")GIn-Pro-Thr-Arg-Asn-GIn-Cys(GG)-Cys(GG)-Ser-Asn(COO), with GG presenting the

geranylgeranyl chains covalently bound to the cysteine residues Cys212 and Cys213. In all-

model of the C-terminal residues of the Rab5 protein:

atom simulations the lipid modifications were modeled using parameters derived from the
CHARMMS36 force field [22, 23]. Structural properties of the anchors (bond lengths, bond
angles, dihedrals) were validated against optimized structures from quantum-mechanical
DFT calculations with TURBOMOLE V6.6 [24]. Geometry optimizations were performed with
a split-valence basis set (def2-SVP) [25] using the pure BP86 functional [26, 27] and the
conductor-like screening model (COSMO) [28] with a dielectric constant of €=2 in order to
mimic the hydrophobic core region of the surrounding membrane lipids [29].

The protein C-terminus starting structure was obtained from a full-sequence Rab5 structure
minimized for 20,000 steps by conjugate gradient and refined in 250 ns MD simulations with
CHARMM3E6 force field [11].

2.2 Membrane Models

Three symmetric model membranes of different lipid compositions were built. For pure
palmitoyl-oleoyl-phosphatidylcholine (POPC) the VMD Membrane Plugin [30] was used. The
ternary and six-component membranes were built with the CHARMM-GUI Membrane Builder

[31, 32]. The POPC membrane represents a neutral, zwitterionic model bilayer. The ternary
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membrane is a combination of lipids often used as a simple model for the plasma membrane
featuring cholesterol and sphingolipids which are crucial for ordered raft domains [33]. The
composition of the six-component membrane was chosen according to the inner leaflet of
the mammalian plasma membrane [34]. The level of phosphatidylinositol 3-phosphate
(PI(3)P) is adjusted to that of the early endosome membrane. The lipid compositions and the
dimensions of membrane planes are given in Table 1.

Table 1

Composition and lateral dimensions of the three model membrane systems. Abbreviations as follows;
POPC: palmitoyl-oleoyl-phosphatidylcholine, CHOL: cholesterol, PSM: palmitoyl-sphingomyelin,
POPE: palmitoyl-oleoyl-phosphatidylethanolamine, POPS: palmitoyl-oleoyl-phosphatidylserine,
PI(3)P: phosphatidylinositol 3-phosphate.

Membrane system Component Number 9f lipids . Later'al (x.y)
(ratio) dimensions / nm
Pure POPC POPC 2 x 273 (100%) 15.7 x 14.9
POPC 2 x 166 (40%)
Ternary CHOL 2 x 166 (40%) 14.8x14.4
PSM 2 x 83 (20%)
POPC 2x90 (17.8%)
CHOL 2 x 150 (29.7%)
0
Six-component PPOSPME szxlgg 8697/&) 16.9x 16.6
POPS 2 x 55 (10.9%)
PI(3)P 2 x 25 (5.0%)

2.3 All-Atom Simulation Protocol

Prior to the HVR?®*?**_pilayer study, each membrane system without peptides was energy
minimized with a conjugate gradient algorithm, heated to a temperature of 310 K and
equilibrated in a 50 ns MD simulation using NAMD 2.9 [35]. The CHARMM36 force fields for
proteins and lipids were used for the full-atomistic MD simulations [22, 23, 36, 37]. Insertion
of lipids was realized by randomly replacing one POPC lipid by the two GG anchors of the

R?%%215 constructs were inserted into each

HVR?®?'> For sufficient sampling six HV
membrane system. Except for the pure POPC bilayer, it was ensured that the lipid
composition around each peptide was different within one membrane (see Supplementary
Table S6). The systems were solvated with TIP3P water [38], neutralized, and ionized to a
physiological salt concentration of 0.15 mol/L NaCl. Subsequently, energy minimization,
heating to 310 K and 50 ns MD simulations of equilibration were performed. A 200 ns
production simulation was performed for each membrane in an NPT ensemble. Constant
temperature control of 310 K was achieved by Langevin dynamics. Periodic boundary
conditions were applied at a standard pressure of 1.01 bar controlled by the Nosé-Hoover
Langevin piston method as implemented in NAMD [39, 40]. Anisotropic cell fluctuations in all
three spatial dimensions were possible at a constant x-y plane cell ratio. Electrostatic

interactions were treated by the Particle Mesh Ewald (PME) method [41] in NAMD [42],



truncating van der Waals interactions at 12 A and applying a switching function at 10 A. The
SHAKE algorithm was applied to all covalent bonds involving hydrogen atoms to allow for a

2 fs time step.

2.4 Steered MD and umbrella sampling

After 250 ns all-atom MD production runs with six HVR?%?%°

replicates, all three peptide-
membrane systems were subjected to constant-velocity steered MD (SMD) simulations in
order to generate initial structures for umbrella sampling windows. The simulation box was

adjusted to the size of one HVR***?%

in X, y-dimensions and elongated along the bilayer
normal in z-dimension. From each model membrane three arbitrarily chosen peptides with
two GG chains were independently pulled out of the membrane with a constant velocity of
5 A/ns and a force constant of 2.4 kcal/mol/A2. The force constant was chosen large enough
to ensure that the reaction coordinate follows the constraint position but not so high it
restrains thermal motions too excessively [43-46]. The potential was applied to the Ca atoms
of both CysGG residues. Pulling was monitored over a period of 8 ns. Umbrella sampling
was performed for 25 ns in each of up to 31 independent windows covering a total z-
distance of about 4 nm in steps of 0.13 nm. Thus, the umbrella sampling simulations yielded
a total of 2 ps for the GG anchor bilayer-to-water transfer in pure POPC and the ternary
mixture, i.e. 25 ns at each of 27 windows repeated for three HVR?**?** replicates. For the
six-component membrane the duration of the umbrella sampling was 2.3 us in total, i.e.
25 ns at each of 31 windows for three HVR?®?** replicates. During umbrella sampling the
lipid P atoms were restrained in z direction. The actual force constant for the collective
variable was 4 kcal/mol/A?. The potential of mean force (PMF) was calculated from the
average of three independent umbrella sampling calculations in one membrane system
using the weighted histogram analysis method (WHAM) [47] implemented by Alan Grossfield
[48].

2.5 Coarse-grained MD simulation with MARTINI

For long time scale MD studies, the three phospholipid bilayer systems were also modeled
using coarse-grained MD simulations. In addition, a charged five-component model
membrane was investigated lacking the signaling lipid PI(3)P. Membrane formation and
insertion of the GG anchor chains was performed using a modified version of the Python tool

insane.py [49] (available upon request). The HVR?**?%

was inserted into the membrane by
adjusting the length of the GG chains to match the length of the fatty acid chains of the
bilayer. A maximum solvent exposure of the peptide backbone was ensured. The tool places

the HVR?*?'® in the geometric center of the bilayer and automatically detects and removes



overlapping lipids. In the mixed bilayers the lipids are distributed randomly. The pseudo-
random numbers are generated by the Python module random which uses the Mersenne
Twister algorithm. The systems were solvated with MARTINI water (9:1 mixture of solvent
and anti-freeze particles) and ions were added to model an ionic strength of 0.15 mol/L
NacCl.

All topologies utilized standard MARTINI 2.2 particle definitions. For POPC, POPE, POPS
and CHOL, the MARTINI lipid topologies ver. 2 were used [49]. For PSM the topology of
DPSM ver. 1 was used. PI(3)P was modeled from the topologies of PAPI ver. 1 for the
backbone and tails, and POP1 ver. 1 for the phosphorylated inositol head group (see PI(3)P
topology in SI). The HVR**** was modeled by coarse-graining a structure of the previously
derived all-atom model of the full-length Rab5 protein according to standard MARTINI [50]
and MARTINI protein [51] rules implemented in the martinize.py tool (ver. 2.4). A detailed
description of the GG anchor mapping is given in the results section.

All CG simulations were carried out using GROMACS [52] Ver. 5.0.7 and current MARTINI
simulation input parameters [53]. Briefly, a Verlet cutoff scheme was used, with a buffer
tolerance of 0.005 and neighbor list updating of every 20 steps. Electrostatic interactions
were treated with a reaction-field, a Coulomb cutoff of 1.1 nm, and dielectric constant of 15.
Van-der-Waals interactions had a cutoff of 1.1 nm and used a potential shift Verlet modifier.
HVR, solvent and membrane were coupled to individual velocity-rescaling thermostats with a
coupling constant of 1 and a reference temperature of 310 K. The systems were minimized
for 1000 steps using steepest descent, and equilibrated for 0.5 ns in an NVT ensemble using
a step size of 10fs, and relaxed for 30 ns with a 20 fs time step in an NPT ensemble
controlled by a semi-isotropic Berendsen barostat [54]. The compressibility was set to 3-10™
with a coupling-constant of 12 and a reference pressure of 1 atm. 5 us production runs were

performed with a time step of 20 fs and the Parinello-Rahman barostat [55].

2.5 Analysis of HVR structural parameters and diffusion

The dihedral angle distribution of the all-atom GG force field parameters and the coarse-
grain mapping of the GG anchor were validated against quantum chemical DFT calculations
of torsional energy profiles. Different structural lipid parameters (e.g. bilayer thickness, area
per lipid, lipid order parameters, lipid head group orientation, and acyl chain orientation)
were calculated to allow a comparison between the three membranes and with experiment.
Coordinates were selected and extracted from the MD trajectories via MDAnalysis [56]. In a
similar fashion to the GridMAT-MD program [57], Voronoi tessellation was used to map lipid
molecules to their (periodically) nearest points on a grid (200 x 200 cells). The phospholipid

head groups served as reference points. Like in GridMAT-MD, the tessellation was used to



estimate the local thickness of the lipid bilayer by determining the difference in z-coordinates
of each lipid and its closest neighbor on the opposite leaflet of the bilayer. The difference
was mapped onto the grid points of that particular lipid. In addition, the acyl chain order
parameters were determined, averaged over all carbon atoms of one chain and mapped
onto the grid. Relative local properties were averaged over the entire 200 ns of simulation
and shown as the difference from the global average value. Calculation of membrane
properties at varying cutoff distances around the GG anchors were performed accordingly.
The calculation of acyl chain order parameters was performed using the approach of Douliez
et al. [58] for the saturated palmitoyl chains of POPC, PSM, POPE and POPS at the glycerol
sn-1 position. For PC, PE, PS, and PSM the head group orientation is defined as the angle
between the bilayer normal, n, and the direction vector between the phosphorous and
nitrogen atoms (PN vector) (Figure 2A). For cholesterol, instead of the PN vector, the vector
between C3 and C17 was used (Figure 2B). In the case of PI(3)P, the inositol tilt angle was
computed, which is defined as the angle between membrane normal and the vector from C1
to C4 of the inositol ring (Figure 2C). Phospholipid tail orientations were determined by the
angle between the vector connecting the central glycerol backbone carbon with the last fatty

acid carbon atoms of both chains and the membrane normal (Figure 2D).
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Figure 2 Orientation of lipids relative to the membrane. 8 was defined as the angle between the
membrane normal and the corresponding direction vectors describing A) the head group orientation
of POPC, POPE, POPS, PSM, B) the tilt angle of cholesterol, C) the inositol ring orientation of PI(3)P,
and D) the phospholipid tail orientation of POPC, POPE, POPS, PSM, and PI(3)P.

Peptide-specific observables (anchor insertion depth, root mean square fluctuation (RMSF),
radius of gyration, solvent-accessible surface area (SASA)) and diffusion coefficients were
calculated to investigate the membrane composition-dependent behavior of the Rab5
HVR* %% The anchor insertion depth is the z-distance between neighboring phospholipid P

atoms and the lowest GG carbon atom (Fig. S9A). Similarly, the peptide-to-bilayer distance
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is defined as the z-distance between the amino acid Ca atom and the surrounding
phospholipid P atoms. Negative values, therefore, correspond to amino acids that are
incorporated in the hydrophobic bilayer. The solvent exposure of the peptide amino acids
was calculated as the relative SASA in VMD with a solvent probe radius of 1.4 A according
to Miller et al. [59]. For the SASA of the CysGG, a tripeptide of Gly-CysGG-Gly with a fully
extended GG chain was energy minimized for 30,000 steps in explicit water and gave a
maximum SASA of 724 A%, Lipid P atoms within a cutoff of 0.5 nm around the HVR***?%
were counted to be lipid neighbors. In addition, dihedral angle principal component analysis

R296-215 in different

(dPCA) was performed to reveal the free energy landscape of the HV
bilayers [60-62]. Accordingly, the 18 dihedral angles (i.e. W1, ®,, W,,..., @) of the peptide
were sine- and cosine-transformed, and the resulting covariance matrix was diagonalized to
obtain the principal components. The peptide free energy landscapes were constructed
using the first two principal components [60]. The influence of different dihedral angles on
the first two principal components the loadings were calculated according to Altis et al. [61].
For the calculation of lateral diffusion coefficients the jump distance analysis (JDA) method
[63] was used instead of mean square displacement (MSD), since it enabled us to compute
the diffusion coefficient of single molecules with a satisfying accuracy. It showed a reduced
standard deviation for small ensembles of fewer than 100 molecules and gave reasonable

results in single particle tracking experiments [64].

3. Results and Discussion

3.1 Parameters of the geranylgeranyl membrane anchor

3.1.1. All-atom MD simulations

Since parameters for unsaturated branched hydrocarbon chains like the farnesyl (C15) and
geranylgeranyl (C20) attached to a cysteine residue were not available in the CHARMM36
force field at the beginning of our study, we assigned the missing force field parameters. For
full-atomistic MD simulations the topologies and parameters given in the CHARMMS36 force
fields for lipids [23] and proteins [22] were carefully assigned, re-validated against QM
calculations and combined to give the reliable structural parameters for the GG chains
(Supplementary Figure S1, Supplementary Table S1). The quality of the modeled anchor
structures was compared with structurally optimized DFT models. Structural parameters (i.e.
bond lengths, bond angles, torsion angles) agreed well with the results from DFT within less
than 0.004 nm and 3.5° (Supplementary Table S2, Table S3, Table S4). Four critical
dihedral angles were identified in the MD simulations, which corresponded to energy minima

of the quantum chemically calculated torsional profiles (Figure 3). This supports the reliability
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of the force field parameters to accurately describe the structural preferences and dynamic
behavior of the GG chains in the phospholipid bilayer.

These identified torsion types reflect the repeating units of the GG chains. Torsion around a
C-C single bond with one terminal C=C bond gave broad distributions enclosing a frequently
visited average of £100° with an energy barrier of 28 kJ/mol at 0° (Figure 3A, Supplementary
Figure S2). As expected, rotation around a C=C bond resulted in very high energy barriers
(2150 kJ/mol) at +90° yielding observed dihedrals exclusively at 0° (cis conformation) or
+180° (trans conformation), respectively (Figure 3B). A chain of single bonded C atoms
including one central sp® hybridized carbon mainly adopted dihedral angles at +90° with
energy barriers of approximately 15 kJ/mol and 25 kJ/mol at 0° and £135°, respectively
(Figure 3C). A slightly shifted torsional profile was calculated for a chain of single bonded
carbon atoms with two terminal sp® hybridized C atoms. Here, most of torsion angles were
found at +180° and small fractions around £80° with an energy barrier of 25 kJ/mol at 0°
(Figure 3D).
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Figure 3 Comparison of MD-sampled dihedral angles of the GG anchor (left axis, blue bar plot =) and
the torsional energy profile from QM calculations (right axis, green crosses). Torsion around A)
¢(CEL1-CEL1-CTL2-CTL2), B) ¢(X-CEL1-CEL1-X), C) ¢(CTL3-CEL1-CTL2-CTL2), and D) ¢(X-CTL2-
CTL2-X). For nomenclature see Sl.
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Based on the all-atom parameterization of the GG chains, corresponding MARTINI bead
types were defined to describe the lipid anchor in a coarse-grained environment (Figure 4,

for details see supplementary material).
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3.1.2 Martini coarse-grained parametrization and MD simulation

BB PR1 PR2 PR3 PR4

Figure 4 MARTINI bead types mapped on the CysGG residue.

The absence of topology and parameters for the GG chain in the MARTINI force field
required a new definition for use in our coarse-grained simulations. The mapping of the
amino acid backbone and the thiol group was adopted from the MARTINI protein force field
[65]. The four prenyl groups of the GG chain were individually mapped to C3 beads, labeled
PR1 to PR4. As typical for MARTINI, bond lengths use harmonic potentials and angles
cosine-based potentials. In the input structure, the protein was inserted into a lipid bilayer in
a fully extended GG chain conformation. For determination of secondary structure elements
DSSP [66] was used treating post-translationally modified CysGG as a standard cysteine
residue.

The CG bonded interactions were parameterized against a 200 ns all-atom simulation of the
full-length protein in a pure POPC bilayer. In contrast to bond lengths and angles (Table 2),
the dihedrals were not explicitly parameterized for the sake of stability and to prevent over-
parameterization. Bond lengths, bond angles and dihedrals were found to reproduce the
results of the all-atom simulations very well, the latter being sufficiently well estimated due to

intramolecular non-bonded interactions (Supplementary Figure S3).

Table 2 Bond lengths in nm with harmonic force constants, bond angles in °, and cosine-based

potential parameters for the coarse-grained CysGG residue.

Length Force Angle Force
Bond /nm constant , Angle /e constant ,
/ kJ/(mol nm") / kJ/(mol rad®)
BB-SC 0.31 20000 BB-SC-PR1 135 20
SC-PR1 0.37 10000 SC-PR1-PR2 115 25
PR1-PR2 0.46 7500 PR1-PR2-PR3 105 20
PR2-PR3 0.46 7500 PR2-PR3-PR4 100 20
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PR3-PR4 0.46 7500

The MARTINI particle type specifies its non-bonded interactions. In order to justify the choice
of C3 beads for the prenyl groups of the GG chain, an umbrella sampling of a bilayer-to-
solvent transition was carried out, which was analyzed via the GROMACS tool g_wham
(weighted histogram analysis method) [67]. The umbrella sampling was done with an Arg-
Gly-CysGG peptide in a bilayer consisting of 90% POPC and 10% POPE. This setup was
chosen to match experimental conditions used by Silvius et al. [68], who determined the
affinities of GG peptides for a PC/PE bilayer in a fluorescence-enhancement assay. We
computed a bilayer-to-water transition free energy difference AAG of 32 kJ/mol
(Supplementary Figure S4), which is slightly lower than the experimental value of 49 kJ/mol
for the C-terminally methylated GG peptide. The uncharged fluorophoric dye used in
experiments was approximated by modeling the N-terminal backbone bead as non-charged,
hydrogen bond donating (Nd) bead. Experimentally, however, it was show that the influence

of the dye is negligible on the free energy change.

3.2. Local peptide-induced changes to membrane properties

Insertion of a peptide into a bilayer may introduce changes in membrane structure and
ordering. All-atom 200 ns simulations of each membrane system with six inserted HVR?*%*®
replicates were performed to investigate lipid composition-dependent structural properties.
3.2.1 Membrane thickness and order parameters

First, in order to validate our simulations against experiment and previous MD simulations,
we investigated membrane-specific properties. Thickness and lipid area of the pure POPC
bilayer were in very good agreement with experimental values [69] (Supplementary Figure
S5, Supplementary Table S5). We observed the well-described ordering effect of cholesterol
in our mixed model membranes. Cholesterol increased the overall membrane thickness by
inserting between the phospholipid hydrophobic chains in their extended configuration,
leading to a denser packing and thus a decrease of area per lipid [70-72].

The acyl chain order parameters for the pure POPC membrane were in very good
agreement with data derived by NMR experiments with POPC-cholesterol multi-lamellar
vesicles (MLVs) [73]. With increasing amounts of cholesterol, the lipid order significantly
increased (Supplementary Figure S6). The increase in order was 85.7% in the ternary
mixture and 73.5% in the six-component membrane. The ordering of the acyl chains seemed
to be independent of the head group since POPC, POPE and POPS showed almost
identical profiles (Supplementary Figure S7). For PSM carbon atoms C7-C10, the order was
higher compared to POPC, POPE or POPS suggesting that cholesterol increases the order
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of PSM chains in direct neighborhood more prominently [74]. Lipid orientation angles, except
for cholesterol, showed very broad distributions (Supplementary Figure S8, A-C). A smaller
POPC orientation angle in the charged membrane may be associated with an re-
arrangement of the P-N dipole in order to maximize electrostatic interactions with the
negatively charged head groups of PI(3)P and PS located slightly above the lipid phosphate
groups. Generally, head group size seemed to be more relevant to the orientation than the
charge. The smaller ethanolamine head group of POPE exhibited a larger head group
orientation angle with respect to the bilayer normal compared to PI(3)P, POPS, POPC, and
PSM. This shows that the head group of PE was pointing toward the membrane interior as a
consequence of less steric hindrance and strengthening electrostatic interactions with the
negatively charged lipid phosphate groups. The inositol ring tilt angle of PI(3)P was in good
agreement with values obtained in previous MD studies of PI(3)P in pure POPC or POPS
bilayers [75]. Compared to the perpendicular orientation of cholesterol in the uncharged
membranes, its orientation was tilted in the charged bilayer. The reorientation is related to
the reduced order and thickness as well as the increased area per lipid compared to the
ternary mixture. Also the acyl chain orientation of the phospholipids was determined
(Supplementary Figure S8, D). Smaller acyl chain orientation angles reflect an extended
orientation of the acyl chains and are a consequence of the higher order in cholesterol-
containing membranes. PI(3)P in the charged membrane showed the largest angle due to

the high degree of unsaturation in the acyl chain.

3.2.2 Lipid diffusion

Lateral diffusion of lipids can be easily measured experimentally and represents a suitable
property to compare dynamical aspects of our simulations to experiment (Table 3). Since the
number of lipids was small (e.g. 25 PI(3)P lipids in one layer) JDA method was superior to
MSD measurements (see Methods). To validate the JDA procedure, the diffusion coefficient
of 500 individual water molecules from each membrane simulation system was calculated.
The average over all systems was around 440-107 cm®s™, which is comparable to TIP3P
water diffusion derived from MD studies (520-10” cm?s™ at 300 K) [76] and only slightly
larger than experimental findings (322-107 cm®s™ at 313 K) [77]. In pure POPC, diffusion
was 1.36-107 cm?®s™ and in very good agreement with experimental data from NMR studies
[78]. Inclusion of cholesterol reduced the diffusion of POPC by up to 45.6%. In the six-
component charged membrane diffusion was very similar for all lipid types (between
0.59-10" cm’s™ to 0.68:10”" cm?s™). Apparently lipid diffusion in the membrane systems was
slow, and a thorough mixing was not achievable in 200 ns of all-atom MD simulations.
Diffusional studies elucidating changes in the lipid composition close to the inserted peptides

were therefore performed on larger timescales using CG simulations.
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Table 3 Lateral diffusion coefficients from 200 ns all-atom MD simulations in the three investigated
membrane systems calculated by JDA.

Diffusion coefficient /

107 em?s™ Pure POPC Ternary Six-component
Water 429.67 + 136.05 451.28 + 61.85 445.94 + 63.65
Lipids

POPC 1.36 £ 0. 46 0.78 £ 0.23 0.74+£0.19

PSM 0.60 +0.18 0.62+0.16
CHOL 0.59+0.13 0.59+0.11
POPE 0.68 + 0.18
POPS 0.65+0.17
PI(3)P 0.62 + 0.16

3.2.3 Local membrane structure perturbations
Integral membrane proteins are known to significantly alter the structure of their surrounding

lipid environment. To assess the effect of the peripheral HVR*®%

on the bilayer, local
membrane properties in a radius of up to 5nm around the HVR were investigated.
Therefore, we employed Voronoi tessellation with a fine resolution grid mapping and
calculated the local bilayer thickness and acyl chain order parameters for the individual
Voronoi cells (Figure 5). The three membrane systems are shown in top view with the
HVR**?® marked as black crosses. Local deviations, i.e. #4% for thickness and
approximately +20% for order parameters, were observed for all model membranes and are
independent of different lipid compositions. As expected, regions of increased membrane
thickness were higher ordered. In close proximity to the GG anchors, a small reduction of

membrane thickness was accompanied by a moderate reduction in order.
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Figure 5 Local variations in membrane thickness (left) and lipid order (right) are shown for the
membrane systems of pure POPC (top), the ternary mixture (center) and the six-component
membrane (bottom). The positions of the GG anchors are marked with black crosses.

Membrane properties (thickness, acyl chain order, lipid head group orientation, and acyl
chain orientation) as a function of distance to the anchor are shown in Figure 6. Here, it was
confirmed that the local thickness decrease close to the GG chains was only small, however,
it was largest in the negatively charged six-component membrane (Figure 6A). This is in
agreement with MD simulations of a Ras peptide in pure DMPC [16]. The acyl chain order
was reduced around the inserted peptides (Figure 6B). This is a consequence of the order
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reduction in the GG anchor due to the adaptation of the peptide anchor to the surrounding
lipid chain length [15, 16, 18]. The acyl chain order was most reduced in the pure POPC
membrane where the lipid chains are not stabilized by cholesterol. Accordingly, the POPC
lipid head group orientation angle in close proximity to the peptides was reduced by more
than 6% in pure POPC (Figure 6C), i.e. the head groups were less tilted compared to
average. In contrast, the cholesterol-stabilized POPC lipids in the ternary mixture as well as
in the six-component membrane were less affected by the peptide. The chain orientation
angle, a measure for the lipid tail orientation, was increased in all membrane systems but
most significantly in the charged membrane by over 16% (Figure 6D). An increased chain
orientation angle is associated with a tilted orientation of the acyl chain and directly related to
the decreased lipid order.
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Figure 6 A) Membrane thickness, B) acyl chain order parameter, C) lipid head group orientation, and
D) acyl chain orientation are presented as functions of the cutoff around the HVR*****°. Data
represent the percentage difference from global average. Data are shown for pure POPC (blue), the
ternary membrane (yellow) and the six-component membrane (red).
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3.3. HVR?*# structure and dynamics in the membrane

3.3.1 Structure of membrane-anchored HVR

When investigating the dynamical behavior of the geranylgeranyl anchors in the different
membrane systems, we observed that the two adjacent GG chains in one HVR****"® moiety
showed anti-correlated motions (Supplementary Figure S9, A-B). That is, if one chain was
deeply inserted within the bilayer, the other chain was allowed to bend towards the
membrane surface. This energetically favorable behavior ensures a high degree of dynamic
flexibility, similar to that shown for a truncated C-terminal Ras heptapeptide modified with
two hexadecyl chains [19]. The average insertion depth was depending on the absolute
thickness of the surrounding bilayer and was always 38-39% of the bilayer thickness
(Supplementary Figure S9, C). This observation indicates that the geranylgeranyl anchor
does not penetrate the highly unordered region close to center of the bilayer. This is in
agreement with ?H solid-state NMR experiments providing evidence that the anchors adapt
their insertion depths to the surrounding lipids [79, 80]. The reduction of hydrophobic
mismatch between the anchor chains and the lipid tails is mainly driven by the regulation of
the anchor insertion depth rather than by adapting the z extension of the surrounding lipid
tails.

In our MD simulations the Rab5 HVR*®%® was remarkably flexible. It employed a fully
disordered structure without forming any secondary structure elements stabilized by
intramolecular hydrogen bonds. According to the Ramachandran plot [81] represented in
Supplementary Figure S10A, the most frequently populated region corresponded to the
extended beta sheet conformations for -160° < ® < -45° and 90° < W < 180°. With increasing
distance from the anchoring residues, which tie the peptide to the membrane, the root mean
square fluctuations (RMSF) increased significantly (Supplementary Figure S10, B).
However, the peptide RMSF was independent of the membrane composition. Another
measure for the HVR?**?** flexibility is the radius of gyration (Supplementary Figure S10, C),
which was only marginally greater in the negatively charged membrane compared to the
uncharged bilayers. The exact lipid compositions around the individual HVR replicates as
well as local structural and dynamic properties are given in Supplementary Table S6.
Snapshots from the HVR*%%" in the charged membrane show that the majority of protein
residues resided close to the membrane surface in the lipid water interface (Supplementary
Figure S10, D). Especially the basic Arg209 was involved in electrostatic interactions with
the negatively charged bilayer, by forming contacts with the protruding phosphate groups of
the inositol ring of PI(3)P. In contrast, in the uncharged membranes Arg209 protruded more
into the phospholipid head group zone by establishing strong electrostatic interactions with

the negatively charged phosphate groups. Residues at large distance from the anchoring
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GG chains (i.e. at the N-terminus) were pointing from the bilayer surface and were water
exposed in order to maximize solubility (Supplementary Figure S11).

Recent studies showed that charged lipids facilitate binding of peripheral membrane proteins
via the pleckstrin homology (PH) [82, 83], the PTEN-like domain [84] or single basic amino
acids [85] by attracting certain residues towards the membrane surface. The interaction
between the HVR?®?* Arg209 and the signaling lipid PI(3)P may represent a first step in
phospholipid signaling and protein recruitment to the early endosome.

Both the solvent-accessible surface area (SASA) and the number of neighboring lipid atoms
(Figure 7) per HVR amino acid residue do not vary significantly between different membrane
composition but display large differences between the individual HVR replicates. This again

206-215
R

indicates the large structural flexibility of the HV , even when anchored to the

membrane and protein-membrane interactions come into play.
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Figure 7 HVR*®?“.membrane interactions were characterized in terms of A) solvent-accessible
surface area and B) the number of lipid neighbors (within a radius of 0.5 nm). Data were averaged
over 200 ns of MD simulations and the six HVR?*®** replicates in pure POPC (blue), the ternary
mixture (yellow), and the six-component membrane (red). Error bars represent the standard deviation
between the six replicates.
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In order to investigate whether certain combinations of dihedrals in the HVR**?* were
associated with a specific membrane composition we performed a dihedral angle principal
component analysis (dPCA). This method is a valuable tool for constructing the free energy
landscape of flexible peptides due to the separation of internal and overall motion (see
Methods) [60-62]. The free energy surfaces of the six truncated HVR domains in the three
membrane systems were obtained along the first two eigenvectors, V1 and V2, which
explained 45% to 50% of the protein structural variance (Figure 8 and Supplementary Figure
S12, Supplementary Figure S13). Dihedral PCA-based clustering revealed 4-5 distinct
conformational states, which were membrane composition- and charge-independent.

We also investigated which dihedral angles were responsible for the first two principal
components (Supplementary Figure S14). For peptides in the uncharged membranes, the
first two principal components are influenced by almost all dihedral angles of the HVR
domain. In contrast, in the charged membrane the first two principal components are
dominated by backbone torsions from residues Pro207 to Asn210. Due to electrostatics the
influence of the Arg209 @ torsion is significant in the charged membrane compared to the
other systems. When performing MD simulations of complex flexible structures an adequate
sampling needs to be ensured. In order to verify that sampling was sufficient in the present
study the Rab5 HVR?**?'® replicates in all membranes were subjected to one dPCA allowing
for an actual sampling time of 4.5 ps (3x 6x 250 ns). The resulting free energy landscape is
given in Supplementary Figure S15. Several energy minima were identified from which the
five lowest energy wells were analyzed with regard to the corresponding structures. Each of
these energy minima was populated with >500 conformations from more than one bilayer
system. Furthermore, conformations from a specific bilayer could be found in different
energy wells indicating that the simulation time was sufficient to sample multiple lowest
energy conformations. Despite even shorter simulation times of 50 ns to 150 ns, early MD
studies on membrane-anchored peptides [16, 19, 86] revealed insights into the flexibility of
these structures and their interactions with a lipid environment. However, depending on the
peptide amino acid composition and charge longer simulation times may be needed to
elucidate the impact of the peptide insertion into the bilayer structure. Antimicrobial peptides
are known to significantly perturb the bilayer structure partly accompanied by the formation
of pores. Even microsecond-long MD simulations were not always sufficient to display a
spontaneous peptide water-to-bilayer transfer or the complete re-organization of the
surrounding membrane lipids after peptide insertion [87]. For the HVR**®*" investigated
here, however, an extensive disruption of the bilayer structure was not expected and not
observed, since the inserted domain is not a charged peptide but a hydrocarbon anchor
similar to the membrane lipids which makes longer simulation times not necessarily

indispensable. But unquestionable, an extension of the simulation time may complete the
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picture of membrane-bound Rab5 HVR dynamics and may also yield more membrane-

specific interactions and conformations.

3.3.2 Diffusion of membrane-anchored HVR

To probe if membrane composition has an influence on the mobility of the HVR?*?! we
calculated the GG anchor lateral diffusion. Interestingly, the lateral diffusion is not only
determined by the fraction of cholesterol, but also by the membrane charge. We see a clear
slowing down of protein diffusion when the amount of cholesterol and also the charge of the
membrane changes. With the cholesterol-induced increase in lipid order, the diffusion of the
GG chains decreased by almost 50 % from 0.77-10" cm?s™ (pure POPC) to 0.47-10” cm?s™
(ternary mixture) and 0.43-107 cm®s™ (charged membrane). With these diffusion rates,
clearly a 200 ns MD simulation cannot ensure a thorough mixing of lipids around the protein.
As a consequence, additional coarse-grained MD simulations which allow coverage of a
longer timescale were performed to sufficiently sample lipid distribution and diffusion close to
HVR206_215.
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Figure 8 Dihedral PCA free energy landscapes of the six replicates Rab5 HVR> 2" in the
physiological membrane (A-F) The energy landscape is plotted as a function of the first two principal
components (V1 and V2). The lowest energy structures of each HVR?¢21 replicate are shown below;

the RMSD was measured for the structures belonging to one minimum energy conformation.

3.3.3 Local PI(3)P enrichment and phospholipid signaling

Biological membranes are characterized by a lateral non-uniform distribution of
phospholipids of different types. In order to obtain a proper mixing of lipids and to allow the
simulation of lipid species recruitment to the HVR?**?*** we performed 5 ps coarse-grained
MD simulations. The lipid distribution as a function of the distance to the HVR?***** is shown
in Figure 9A-C. For large distances the distribution approached that of the average
membrane composition (compare to Table 1). However, close to the HVR domain within a
radius of 1 nm an accumulation of cholesterol and PI(3)P was observed. At moderate

distances the concentration of cholesterol decreased but increased again at larger
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distances. This implies that cholesterol accumulation in the vicinity of HVR**%* resulted
from recruitment from moderate distances to the peptide. The ratio of PI(3)P increased from
an average of 5% to around 20% in close proximity to the protein; i.e. a 4-fold increase of
PI(3)P within 1 nm of the HVR**®#%, Cholesterol and PI(3)P displaced the other lipids, thus
their ratios were reduced close to the peptide. The PI(3)P distribution within the membrane
averaged over the 5 us coarse-grained simulation is shown in Figure 9D as a top view. It
clearly shows that PI(3)P is significantly enriched in close proximity to the centered HVR**®
25 Here, it is noteworthy that there was no PI(3)P lipid within a distance cutoff of 1 nm, but 1
within 1.5 nm around the HVR?°**" in the initial configuration (see Supplementary Table 7).
In two additional replicate simulations with different initial lipid composition around the
HVR?®?'> g similar PI(3)P enrichment was observed (see Supplementary Figure S16).
Additionally, periods are found in which there was no PI(3)P lipid close the HVR**%*, Thus,
it is to exclude that the results purely come from overestimated MARTINI interactions or a
biasing initial configuration. Interestingly, in contrast to PI(3)P, POPS was not enriched close
to the peptide. Therefore, favorable electrostatic interactions seem to be formed exclusively
between the phosphate group of the inositol ring and the positively charged arginine residue.
Active lipid recruitment and clustering of proteins with specific lipids into microdomains have
been observed in experimental and computational studies. The accumulation of negatively
charged lipids has been observed for the nucleocapsid of the HIV-1 Gag polyprotein
precursor [88]. In recent coarse-grained MD simulations the a-helical transmembrane
domain of the cytokine receptor gpl130 was also found to attract cholesterol and anionic
lipids like PIP2 [89]. Similarly, the SNAP receptor protein syntaxin-1A co-localized with PIP2
to form microdomains, which facilitate membrane fusion [90]. In the case of the Rab5
HVR**? the interactions between basic residues and PI(3)P stabilize membrane
anchoring, slows down protein diffusion and may also create docking platforms for the Rab5-

induced signaling in the early endosome.
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Figure 9 Membrane composition within a distance cutoff around the membrane-anchored HVR**®?**,
averaged over 5 ps of CG simulation (A-C). Data are shown for A) the ternary system, B) a five-
component system without PI(3)P, and C) the charged six-component membrane. Lipid types are
colored as follows: POPC (blue), cholesterol (yellow), PSM (dark green), POPE (light green), POPS
(violet), and PI(3)P (red). D) Distribution of PI(3)P averaged over 5 ps of CG simulation in the charged
six-component membrane as top view with the HVR being centered. A clear enrichment of PI(3)P
around the HVR can be seen.
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3.4. Free energy of HVYR membrane binding

In order to estimate the Gibbs free energy of the peptide bilayer-to-water transition, AAG, an
umbrella sampling of HVR conformations at different distances from the membrane was
performed. The extraction energy profiles of three arbitrarily chosen HVR?*®%" replicates in
the three different model membranes were averaged (Figure 10). The membrane-inserted
HVR**?™ corresponded to the lowest energy structure for each membrane composition. The
energy minimum was set to zero and all free energies were expressed as the difference to
this minimum value. The energy gradually increased during the extraction process from the
membrane and reached maximum values for the fully solvated peptide.

Experimental studies on the association of lipidated peptides with bilayers showed that each
methylene carbon contributes 3.3 kJ/mol to the free energy change of saturated hydrocarbon
chains [91]. Insertion of peptides modified with a GG prenyl chain into a POPC/POPE (9:1)
bilayer gave free energy changes between -50 kJ/mol and -44 kJ/mol, depending on the C-
terminus being either methylated or demethylated, respectively [68, 92]. Simulating the
transfer from a pure POPC bilayer to water, i.e. the reverse process, in our simulations with
the same tripeptide used by Silvius et al. [68] gave a free-energy change of 69 kJ/mol for a
C-terminally methylated peptide and 61 kJ/mol for the demethylated peptide (data not
shown). Thus, the simulations showed a slight overestimation of absolute free energy
changes. The profile of the potential of mean force for the peptide bilayer-to-water transition
is of type 3 referring to the shape-based scheme introduced by Neale et al. [93]. The energy
minimum corresponds to a completely inserted, extended GG chain. A deeper insertion into
the bilayer center results in an increase in energy. Extraction of the GG chains leads to
increasingly water-exposed hydrocarbon groups with a high free energy barrier. The energy
profiles obtained for our uncharged bilayer simulations reached a plateau between
116 kJ/mol and 119 kJ/mol for z distances larger than 1.6 nm-1.9 nm (see Figure 10). The
energy profiles and relative free energies of anchor release did not significantly correlate

R206-215 in the

with the bilayer thickness or the amount of cholesterol. In contrast, for HV
charged membrane the free energy difference was larger and a plateau was reached at
124 kJ/mol for distances >2.8 nm. The reason for this behavior was a conformational

extension of HVYR?¢21®

upon membrane extraction and a persistent interaction between the
positively charged Arg209 and the negatively charged lipids POPS and PI(3)P in the
physiological membrane (Figure 10B). Even when the GG chains were fully solvated both
long range peptide-membrane electrostatic contacts, and two short-ranged stabilizing
hydrogen bonds were formed between Arg209 and PI(3)P. Interactions between arginine
and the phosphate groups of the zwitterionic lipids were not observed since these are buried
within the bilayer, shielded by the lipid head groups and therefore not accessible for the HVR

amino acids. The large PMF standard deviation in the charged membrane can be explained
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by the local lipid composition (see Supplementary Table S6, anchors 1-3). For the first two
HVR replicates (local PI(3)P concentration 12%, 5%), interactions between Arg209 and
PI(3)P were more probable compared to the third one (local PI(3)P concentration 2%). This
again stresses the dominance of the local lipid environment over the global membrane
composition.

Our simulations are in agreement with studies of the GG-modified C-terminal region of the
GTP-binding protein G25K. It was shown that binding was enhanced by several factors
including i) an increased prenyl chain length, i) methylation of the C-terminus, and iii)
introduction of acidic lipids like POPS [94].

The convergence of the binding free energies of the peptide bilayer-to-water transfer needs
to be discussed with regard to possible sampling errors. It has been shown for the bilayer
insertion of different solutes that systematic sampling errors originating from an insufficient
sampling may significantly influence AAG [95]. Accordingly, the chosen equilibration time per
umbrella window, the initial starting conformation and the bilayer size are of importance [93].
For small solutes inserted into a bilayer with only 32 lipids per leaflet an equilibration time of
<125 ns per umbrella was shown to result in systematic sampling errors that shifted AAG by
several kcal/mol [95]. The reason for that long equilibration time is the conformational
reorganization of the bilayer due to the extraction of the solute. In the present study
membrane patches used for umbrella sampling were larger and contained up to
approximately 100 lipids per leaflet. Consequently, longer equilibration times may yield more
reliable AAG values. Computational studies with long amphiphilic molecules have shown
that for simulation times >70 ns the PMF profiles converged [96]. However, here, the focus
was on the comparison of differently composed and charged membrane systems rather than
on the calculation of absolute binding free energies. As we expect only systematic sampling
errors due to the shorter equilibration time the different bilayer systems are influenced in a
similar way.

It can be assumed that the GG chains cause small perturbations within the membrane and
lipid reorganizations during the extraction process. The extent of such reorganizations
should depend on the lipid composition and it may be speculated that the condensing effect
of cholesterol could prevent larger structural rearrangements resulting in smaller energy
barriers. However, such differences were not observed in the free-energy profiles of the
present membrane systems. For amphiphiles being transferred from water to a POPC
bilayer it was found that the amphiphile approaching the membrane attracts lipids [96]. This
affects the membrane center of mass and, as this is included into the calculation of the
reaction coordinate, influences the shape of the PMF. As a consequence, it was
recommended to carefully select the reference plane for the reaction coordinate as it may be

a possible source of errors [96].
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Apart from umbrella sampling, an alternative method to estimate the PMF is to perform
multiple non-equilibrium bidirectional pulling trajectories from SMD simulations and evaluate
them by a combination of Minh-Adib’s bidirectional estimator [97, 98] and WHAM equations.
Instead of the number of windows and the equilibration time in umbrella sampling, the
number of pulling trajectories and the pulling velocity are crucial for the convergence and
reliability of the resulting free-energy profiles. In this context it has been shown that results
from a few slower pulling trajectories (v=10 A/ns) are superior to many relatively fast pulling
velocity trajectories (v=100 A/ns) in obtaining accurate PMFs [98]. However, this alternative
seems to provide good estimates when the transition path, i.e. in the present case the
bilayer-to-water transfer, is not affected by hysteresis. Hysteresis in the PMF using umbrella
sampling was observed for amphiphiles interacting with membranes. Here, shifting the
molecule from the bilayer to water yielded results comparable to experimental data, whereas
the opposite transfer from water to the membrane environment suffered from sampling
problems close to the membrane-water interface. These effects may also play a role in the
free-energy profile of the GG chain bilayer extraction and should be subjected to further

investigations.
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Figure 10 Estimated free energy difference upon extraction of GG HVR from pure POPC (blue), the
ternary mixture (yellow) and the charged membrane (red). The minimum energy with fully inserted GG
chains was set to zero and all other energies are expressed as differences to this minimum (A). In the
charged membrane electrostatic interactions are formed between Arg209 of the peptide and the
inositol ring phosphate of PI(3)P (B).
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Conclusion

Rab small GTPases are the key regulators of endosomal sorting and trafficking. The
dysfunction or aberrant control of Rab cycling leads to the appearance of several non-
physiological states ranging from infectious diseases to cancer [99]. The C-terminal HVR of
Rab proteins is post-translationally modified and proposed to function as a signal for
targeting Rab proteins to specific subcellular membranes [1]. Replacement of the C-terminal
35 residues of early endosomal (EE) Rab5 with that of Rab7 resulted in re-localization of the
hybrid Rab to the late endosome (LE). However, specific plasma membrane targeting is not
only mediated by a cysteine-cysteine motif but additional specific interactions of amino acid
residues in the vicinity of the GG site. A deletion of ten residues (AHVR*?") of Rab5
obstructed membrane anchoring and left Rab5 in the cytosol despite the retention of the
post-translational modification.

Full-atomistic and coarse-grained MD simulations provide a comprehensive picture of

R?%6-21% in membranes of

structural and dynamical properties of the GG-Rab5 C-terminal HV
different lipid compositions. Membrane association causes only minor local structural
rearrangements of surrounding phospholipids within a radius of 3 nm. The overall membrane
structure remains unchanged which was also observed for lipidated C-terminal N-Ras [15-
17]. The HVR is the flexible linker connecting the catalytically active protein G domain and
the membrane GG anchor which leads to a multitude of G domain orientations with respect
to the membrane surface [11-14]. In our simulations Rab5 HVR?**?**> adopted an intrinsically
disordered structure lacking any secondary structure elements in each of the different
membrane compositions. Diffusion of the HVR is influenced both by the amount of
cholesterol, i.e. the resulting increase in lipid order, and the presence of negatively charged
lipids (PI(3)P). The positively charged Rab5 residue Arg209 was shown to interact with the
solvent-exposed phosphate group of the PI(3)P inositol ring which prevented Arg209
membrane insertion but increased the HVR free energy of binding.

The family of Rab proteins in human has about 62 members, some of which are
characteristic for the early or the late endosome. Rab5, 21 and 22 are EE-specific and
display almost identical interaction properties. In particular, around the switch regions they
show highly conserved electrostatic potentials and only subtle differences around switch |
and the interswitch regions. LE Rab proteins (like Rab7), however, show strikingly different
electrostatic potentials and thus probably do not share any regulators with EE Rab GTPases
[100].

This difference in interaction fields may also be an adjustment to the membrane composition
difference between early and late endosomes. The EE has a PI(3)P content of about 5% and

the interaction energy between HVR?°?* and the negatively charged membrane was
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calculated to be about 124 kJ/mol. This amount would have to be overcome by GDI upon
Rab5 extraction from the membrane into the cytosol. LEs, on the other side, are enriched in
negatively charged PI(3,5P. The terminal 18 residues of the HVR of Rab7
(KLDKNDRAKASAESCSC; prenylated cysteines underlined, positive amino acids bold)
display an accumulation of amino acids with positively charged side chains. For Rab5
(VDLTEPTQPTRNQCCSN), strong electrostatic interaction with 5% PI(3)P in the EE is only
feasible via Arg209 while Rab7 may form such interactions via lysine residues 191, 194 and
199 and arginine 197. GDI extraction of membrane-recruited EE Rab5 may thus be feasible
while Rab7 would remain membrane-associated and increase in concentration upon
endosome maturation.

There is increasing evidence that membrane-bound molecules are not randomly distributed
in the membrane bilayer but are enriched in membrane domains of varying lipid composition
[101]. Whereas standard lipid raft formation originates from intercalation of sphingolipids with
cholesterol and leads to a separation of phases, Rab5 regulates membrane arrangement by
a different mechanism. According to our findings, protein-lipid interactions are a central
factor for the accumulation of Rab5 in PI(3)P microdomains. They are small in size (~10 nm)
and dynamic in nature.

We propose that Rab5 and its effectors are not randomly recruited and distributed on the
early endosome membrane but are spatially segregated in a defined membrane domain.
Membrane domains are beginning to be recognized as platforms for spatial control of cellular

signaling processes.
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