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Abstract

KRas4b is a small G-protein whose constitutively active oncogenic mutants are present in 90% of
pancreatic cancers. Using fully post-translationally modified KRAS4b, we investigated the role of
lipid identity in the recruitment of KRas4b to a membrane surface of defined composition.
Application of a newly developed single frequency fluorescence anisotropy decay experiment to
this system revealed that KRas4b has a significant binding preference for Nanodisc bilayers
containing PIP,. We conducted molecular dynamics simulations to look for an origin of this
specificity. In the case of membranes containing PIP, the protein formed long-lived salt bridges
with PIP, head groups but not the monovalent DMPS, explaining the experimentally observed
lipid specificity. Additionally, we report that PIP, forms key contacts with Helix-4 on the catalytic
domain of KRas4b that orient the protein in a manner expected to facilitate association with
upstream and downstream signaling partners.
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Introduction

Ras proteins constitute an integral element of signal transduction where extracellular growth
factors control various nuclear transcription events involved in cell division, proliferation,
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and apoptosis.[1]. The isoform KRas4b is mutated in 90% of pancreatic and 45% of
colorectal adenocarcinomas [2], and mutants that activate KRas4b are considered “drivers”
of the cancerous state. Intervention that either prevents KRas4b activation or returns the
signaling cascade to its normal form could significantly improve cancer outcomes.[3] Ras
activity is controlled, and signaling mediated by, critical protein-protein interactions.
GTPase activating proteins (GAPs), such as p120, bind to activated Ras, dramatically
increasing the rate of GTP hydrolysis thus returning the system to the inactive GDP bound
state.[4] Guanine exchange factors (GEFs), such as Son of Sevenless (SOS), bind and effect
the exchange of GDP for GTP, thus turning “on” KRas4b.[5] Most importantly, these multi-
protein complexes all operate on a membrane surface which is a critical partner in signaling.

[6]

KRas4b approaches and associates with the membrane surface via electrostatic interactions
with the lysine rich hyper-variable region (HVR) and the catalytic domain, as well as
through burial of the hydrophobic farnesyl anchor at the methylated C-terminus.[7] Despite
the critical role of the membrane, there is incomplete knowledge as to the role of the bilayer
composition in anchoring the protein to the membrane and the importance of specific lipid
type in dictating the final orientation of KRas4b on the surface. To help address these
lacunas, we use the Nanodisc system [8] and a new label-free means to quantitate the
binding free energy of KRas4b to bilayers of defined composition. We use long-time
molecular dynamics simulations to understand the approach of KRas4b to the membrane
surface, identifying specific residues on the protein that interact with lipid components and
determine the role of specific head group type in determining the final orientation. Here we
utilized the Highly Mobile Membrane Mimetic (HMMM) model [9], implemented for broad
distribution as a CHARMM-GUI plug-in [10], as it permits rapid calculation of the lateral
lipid head group motion, allowing KRas4b to sample a greater number of possible protein/
lipid contacts than would be possible in an all (lipid) atom simulation.

Materials and Methods

Materials

Methods

Phospholipids 1,2-dimyristoyl-sr-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sr-
glycero-3-phospho-L-serine (DMPS) and brain phosphatidylinositol 4,5 bisphosphate (PIP;)
were purchased from Avanti Polar Lipids. Bis(2,2’-bipyridine)-4” methyl-4-
carboxybipyridine-ruthenium N-succinimidyl ester was purchased from Sigma-Aldrich.
Membrane scaffold proteins were expressed in £. co/iBL21 DE3 and purified as previously
described in detail.[11] The methods of Nanodisc self-assembly have been extensively
documented in the literature.[12—14] Fully processed KRAS4b (farnesylated and
methylated) was generously provided by Frederick National Laboratory for Cancer Research
(FNLCR). Production methods for this protein have been recently described.[15]

MSP1D1 was labeled with a Ru(bpy)»(mcbpy)-NHS fluorophore in buffer containing 100
mM potassium phosphate and 50 mM NaCl at a pH of 7.4 at room temperature. A five-fold
molar excess of dye dissolved in dimethyl sulfoxide was added dropwise to the MSP1D1
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solution and stirred for 2 hours, at which point the reaction was quenched by addition of
powdered Tris base to the solution. Excess dye was removed by gel filtration and the MSP
concentration was quantified using “660 nm Protein Assay Reagent” (Pierce) using
unlabeled MSP1D1 as a standard.

Fluorescence lifetime measurements were performed on an ISS (Urbana, IL) K2 phase
fluorimeter using laser diode excitation at 486 nm. A long-pass 594 nm emission filter
(Semrock) was positioned in the fluorimeter and frequency domain measurements were
recorded by modulating the laser from 75 kHz to 6 MHz. In order to improve signal-to-
noise, and reduce data acquisition times, the modulation frequency giving the highest signal-
to-noise ratio is determined by performing multi-frequency anisotropy decay measurements
during a complete titration of KRas4b binding to Nanodiscs. We followed the change in
phase of the fluorescence emission at a single frequency of 262.3 kHz where binding of
KRas4b to the disc manifests the largest signal. Each experiment contained 100 nM of
Nanodiscs in a buffer containing 20mM HEPES, 150 mM NaCl, 5 mM MgCl,, and 1 mM
EGTA at pH 7.3. The temperature controlled sample cell was maintained at 20°C with
stirring. The difference in phase angle between horizontally and vertically polarized
emission, Ad, is used to monitor binding and was obtained as the average of at least three
individual measurements with the signal averaged for 10s. The change in A®, AAD, is
proportional to the percent bound and is analyzed by the standard quadratic tight binding
isotherm.

Molecular dynamics simulations were performed on the University of Illinois Campus
Cluster, predominantly on the MCBSS node with 4 Graphic Processors and 28 CPUs. The
crystal structure of GDP bound G12C KRas4B (pdb 40BE) was used to generate full length
KRas4b. The hypervariable region amino acids (residues 170 to 185) were added to the C-
terminus and placed in a helical conformation based on secondary structure predictions [16],
and the cysteine at position 12 was replaced with the wild-type glycine residue. Full Length
KRas4b was solvated and equilibrated for 20 ns using NAMD 2.11 molecular Dynamics
software package [17] and was later found to be nearly identical to the recently published
full-length structure of KRas4b.[18]

Equilibrated KRas4B was farnesylated and placed 10 A above a bilayer containing 120
lipids per leaflet. The lipid tails of DMPC, DMPS and PIP, were modeled according to the
HMMM.[9] The system was solvated and KCI added to a final concentration of 150 mM.
The final system contained ~100,000 atoms and was energy minimized for 10,000 steps with
fixed heavy atoms followed by three 25 ps simulations and then three 100 ps simulations
while gradually reducing the harmonic constraints on the system at each step. Production
runs were performed using NAMD 2.11 with an NPAT ensemble and the CHARMM36 force
field.[17] Time steps were 2 fs and the particle mesh Ewald algorithm was used to calculate
electrostatic forces.[19] The temperature was maintained at 303.15 K using Langevin
dynamics with a coupling constant of 1 ps~L. Pressure was maintained at 1 bar using The
Nose-Hoover Langevin Piston method using a piston period of 50 fs and a decay of 25 fs.
[20,21] HMMM lipids were restrained using a weak harmonic potential of 0.05 kcal/mol/A?2
applied to the carbonyl carbons. Trajectory visualization and analysis was performed using
the VMD software package.[22]
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Results and Discussion

Binding of KRas4b to Nanodisc Membranes

To realize a solution based assay to quantitate binding of KRas4b to the membrane without
direct labeling of the target protein, we conjugated a long-lifetime Ru(bpy),(mcbpy)
fluorophore to the encircling membrane scaffold belt of the Nanodisc via N-
hydroxysuccinimide chemistry (Figure 1, inset) and monitored the rotational motions of the
Nanodisc. We used frequency domain anisotropy decay measurements to observe even small
changes in the rotational correlation times of the Nanodisc as KRas4b molecules bind. At
20°C, the averaged rotational correlation time of DMPC Nanodiscs, in the absence of
KRas4b, was measured to be ~70 nsec, which compares favorably to measurements obtained
by NMR.[23,24] As KRas4b is added, a second, slower rotation becomes evident
corresponding to formation of the KRas4b:Nanodisc complex. Titrations were performed
using Nanodiscs of varying percentages of DMPC, and DMPS and PIP,. The dissociation
constants derived from these experiments are summarized in Figure 1. The total formal
charge on the Nanodisc is indicated in parentheses and corresponds to 77 lipids/leaflet and a
charge of —1 for DMPS and -4 for PIP, since the pH of the solution was held at 7.3. Clearly,
the affinity of fully processed KRas4b for the membrane is significantly affected by changes
in anionic lipid content. In the case of 50% DMPS, the measured dissociation constants
decreased by approximately 2.8-fold compared to DMPC and is consistent with a recently
published report using surface plasmon resonance. [15]

Surprisingly, KRas4b bound substantially more tightly to membranes that included PIP,.
Nanodiscs containing 2.5% PIP, were found to bind as tightly to KRas4b as 50% DMPS
Nanodiscs. At the highest concentration tested, 10% PIP,, the dissociation constant
decreased nearly 10-fold relative to DMPC, despite having a less negative overall surface
charge than 50% DMPS. Thus, we conclude that the affinity of KRas4b to anionic
membranes is not solely determined by the total localized charge. Rather, our results are
consistent with an important lipid specificity that favors multi-factorial contacts between
protein and head-group such as that provided by PIP,.

Origin of Lipid Specificity in the Binding and Orientation of KRas4b on the Membrane

Surface

In order to understand the origins of the PIP, specificity, we conducted longtime molecular
dynamics simulations of the approach of KRas4b to a membrane surface and the burying of
the hydrophobic farnesyl tail into the core of the bilayer. We first examined the approach of
KRas4b to the membrane with different starting orientations of the protein relative to
membrane bilayer (Figure 2). Orientation 1 (OR1) places the a-Helices 4 and 5 towards the
membrane surface while Orientation 2 (OR2) is rotated 90 degrees about the axis of Helix-5
(HVR domain). To monitor changes in the orientation of KRas4b, we define the orthogonal
vectors, A, B, and C between the carbonyl oxygen of L79, which lies near the center of mass
of the catalytic domain, and three backbone atoms lying on or near the x axis (R97 alpha-
carbon), y axis (F82 carbon), and z axis (T58 carbon) respectively. We report the angle of
the vectors A, B, and C with respect to the bilayer normal (Figure 2, top panel) as a measure
of the orientation of KRas4b relative to the membrane. In addition, as an indication of
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proximity, we measure the center-of-mass distance of the catalytic domain (CD), defined as
residues 1 through 165, above the center of the bilayer. In all cases when the CD is in
contact with the surface, the center-of-mass lies between 40 and 45 A above the center of the
bilayer. The simulations for membranes containing 20% DMPS, 10% PIP,, and a mixed
system containing 10% DMPS and 3% PIP, in a DMPC background, are described
individually.

Simulations with a 20% DMPS Membrane

In simulations containing 20% DMPS and starting in OR1 (Figure 3, Panel A), we see that
the orientation of the catalytic domain (CD) with respect to the bilayer rotates about vector
B, giving rise to a decrease in the angle of vector A with the bilayer normal. Within the first
50 ns the catalytic domain approaches the surface and makes contact with the bilayer. Even
though the KRas4b is associated with the membrane at 300 ns, the C-terminal farnesyl group
remains exposed to solvent. In contrast, in OR2 the catalytic domain initially diffuses away
from the surface and flips its orientation with respect to the bilayer before coming into
contact with the membrane. Interestingly, at 150 ns, the orientation of the KRas4b catalytic
domain is nearly identical to that seen at 300 ns of the OR1 simulation. This is followed by
the dissociation of the CD from the surface and results in the KRas4b standing on end as
evidenced by the large distance between the CD center-of-mass and the membrane.

Simulations with a 10% PIP, Membrane

The approach and binding of KRas4b to bilayers containing 10% PIP, differ from that seen
in 20% DMPS bilayers. Both orientations bind the surface within the first 50 — 100 ns, and
the KRas4b in the OR2 simulation once again flips over, resulting in both simulations
having similar configurations to that of OR1 on 20% DMPS (Figure 3, Panel B). A
significant difference is the absence of large-scale fluctuations in both orientation angle and
the center-of-mass distance as compared to the DMPS simulations, which displayed a
substantial amount of rotational mobility. This is due to a large number of long-lived salt
bridges forming between PIP, and the basic residues of the hypervariable region and the
CD.

Simulations with a Mixed Bilayer 10% DMPS 3% PIP,

We also simulated a mixed bilayer system containing 10% DMPS and 3% PIP, (Figure 3,
Panel C). As observed in the previous simulations, membrane binding and reorientation
occurs in the first 100 ns. These simulations converge to a nearly identical final
configuration at 300 ns where the farnesyl group is buried within the hydrophobic core of
the bilayer and stable salt bridges are formed between PIP, and the basic residues of both
the HVR and catalytic domains (Figure 2, bottom). A video of these simulations, showing
the trajectories of both OR1 and OR2, is available in the supplemental material.

Importantly, in the final orientation stabilized by PIP, contacts with cationic residues on
Helix-4, the entire KRas4b molecule is in close proximity to the membrane with the GTP
binding site oriented above the surface. In this position, the catalytic site is poised to interact
with both upstream and downstream effector proteins as evidenced in the co-crystal
structures of soluble Ras in the presence of SOS, p120, and the Ras Binding Domain of Raf
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Kinase.[4,5,25] In all cases access to their respective binding sites appears unencumbered by
the membrane.

Lipid Residence Times: the Role of PIP,

Perhaps the most striking difference between the DMPS and PIP, simulations is the
substantial difference in residence time of lipid head groups interacting with cationic
residues on the KRas4b protein. As seen in the bar graph (Figure 4), DMPS lipids make only
transient contacts with the protein. These short-lived interactions persist an average of 2.2
ns, after which the monovalent salt bridge is broken and the lipid diffuses away. In sharp
contrast, the PIP,:protein interactions are much more robust. In these simulations, formation
of salt-bridges, defined as a nitrogen/oxygen distance of < 3.2 A, resulted in long-lived
contacts lasting on average 40 ns. The ability of PIP, to form bifurcated salt bridges allows
transition from one residue to another (eg. Lys-Arg or Arg-Arg) in a polybasic region
without dissociation from the protein, thus promoting increased residence times. The
PIP,:KRas4b interactions primarily occur in the highly charged HVR region, but are also
observed between lysine and arginine residues in Helix-4 in the CD. In Figure 2 (bottom
panel), these latter charge/charge interactions are clearly observed where a single PIP, lipid
forms a stable bifurcated contact with Lys128 and Arg135 that persists for hundreds of
nanoseconds. These long-lived interactions are sufficient to explain the experimentally
observed increase in affinity on PIP, membranes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. New label-free method quantitates KRas4b binding to membranes
. KRas4b binds preferentially to multi-factor anionic lipids
. Molecular dynamics simulation visualizes the interaction of phospholipid
head groups
. Approach of KRas4b to the membrane, association and final conformation are
visualized
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Figure 1.
Dissociation constants of KRas4b when binding to Ru(bpy),(mcbpy) labeled Nanodiscs of

differing anionic lipid concentrations. The total formal bilayer charge is labeled in
parenthesis. Error bars represent + 1 standard deviation. Inset: Diagram of a Nanodisc with
fluorescent label on each of the encircling membrane scaffold proteins.
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Figure 2.
The top panel shows the starting orientations of KRas4b used in the simulations. Vectors A,

B, and C are the axes used to define the protein orientation with respect to the membrane
normal. The bottom panel shows the nearly equivalent final orientations of KRas4b on the
membrane despite dramatically different starting orientations. The lipid bilayer contained
10% DMPS and 3% PIP,. PIP, lipids are colored green, DMPS lipids are colored orange,
DMPC is light gray, and the HMMM core is dark gray. Red colored residues show the
formation of salt bridges with lipid head groups.
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Figure 3.
The angles of the orientation vectors A, B, and C with respect to the bilayer normal are

shown as violet, green and light blue, respectively. Simulations run from 0 to 300 ns, with
20% DMPS (Panel A), 10% PIP, (Panel B), and 10% DMPS + 3% PIP, membranes (Panel
C) for the starting orientations OR1 and OR2. The rightmost figure in each panel shows the
distance of the KRas4b center-of-mass from the bilayer center for OR1 (dark blue) and OR2
(red) for each membrane composition. (See text)
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g time. Clearly evident is longer lived interactions with PIP, verses DMPS.
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