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The small GTPase KRAS is localized at the plasma membrane
where it functions as a molecular switch, coupling extracellular
growth factor stimulation to intracellular signaling networks. In
this process, KRAS recruits effectors, such as RAF kinase, to the
plasma membrane where they are activated by a series of complex
molecular steps. Defining the membrane-bound state of KRAS is
fundamental to understanding the activation of RAF kinase and in
evaluating novel therapeutic opportunities for the inhibition of
oncogenic KRAS-mediated signaling. We combined multiple bio-
physical measurements and computational methodologies to generate
a consensus model for authentically processed, membrane-anchored
KRAS. In contrast to the two membrane-proximal conformations
previously reported, we identify a third significantly populated
state using a combination of neutron reflectivity, fast photochem-
ical oxidation of proteins (FPOP), and NMR. In this highly popu-
lated state, which we refer to as “membrane-distal” and estimate
to comprise ∼90% of the ensemble, the G-domain does not di-
rectly contact the membrane but is tethered via its C-terminal
hypervariable region and carboxymethylated farnesyl moiety,
as shown by FPOP. Subsequent interaction of the RAF1 RAS bind-
ing domain with KRAS does not significantly change G-domain
configurations on the membrane but affects their relative pop-
ulations. Overall, our results are consistent with a directional fly-
casting mechanism for KRAS, in which the membrane-distal state
of the G-domain can effectively recruit RAF kinase from the cy-
toplasm for activation at the membrane.

KRAS | membrane | neutron reflectometry | RAF RBD | nuclear magnetic
resonance

RAS proteins function as molecular switches that regulate cell
growth by oscillating between an inactive guanosine di-

phosphate (GDP)-bound state and active guanosine triphos-
phate (GTP)-bound state. Three human genes give rise to four
protein isoforms: HRAS, NRAS, and the alternatively spliced
variants, KRAS4a and KRAS4b. KRAS is the most frequently
mutated isoform, as it is identified in 60% of pancreatic, 33% of
colorectal, and 17% of lung cancers (1). While all RAS proteins
contain an almost identical G-domain, they vary significantly in
their C-terminal hypervariable region (HVR). It is the HVR that
undergoes posttranslational modifications and targets RAS to
the plasma membrane (2, 3). All RAS isoforms have a bipartite
membrane-targeting motif that includes a farnesylated and car-
boxymethylated terminal cysteine residue in combination with
either monopalmitoylated (NRAS and KRAS4a), bipalmitoy-
lated (HRAS), or a polybasic domain (PBD) (KRAS4b). At the
plasma membrane, KRAS4b diffuses laterally to form higher-

order oligomers or nanoclusters (4, 5), which localize at anionic
lipids, particularly phosphatidylserine and phosphatidic acid (6, 7).
Lysine residues within the PBD of KRAS4b define the lipid spec-
ificity which facilitate the formation of these nanoclusters (8).
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One of the primary downstream targets of KRAS is RAF ki-
nase, which connects RAS activation to the MAPK pathway.
Inactive, cytosolic RAF is in an autoinhibited state in which the
N-terminal region interacts with the catalytic domain and re-
presses its activity (reviewed in ref. 9). This state is stabilized by
the binding of two 14-3-3 proteins to two inhibitory phosphory-
lation sites (residues Ser259 and Ser621 in RAF1 or CRAF). The
recent cryogenic electron microscopy (cryo-EM) structures of
the autoinhibited BRAF/14-3-3 and BRAF/MEK1/14-3-3 complexes

show the sequestration of the RAF-CRD (RAF cysteine-rich
domain) by the 14-3-3 dimer (10, 11). Recruitment of RAF to
the plasma membrane, presumably through engagement with
RAS nanoclusters, relieves this autoinhibitory state and is
therefore required for MAPK signaling (12). While the mo-
lecular details of RAF activation remains incomplete, it is clear
that binding of the RAF-RBD (RAF RAS binding domain) to
RAS allows dephosphorylation of Ser259 by the SHOC2-M-
RAS-PP1 complex (13). This causes release of 14-3-3 from the
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Fig. 1. NR, FPOP, and NMR data of membrane-bound KRAS. (A) NR-derived CVO profiles of KRAS-GDP and KRAS-GppNHp associated with 70:30 POPC:POPS
stBLMs. The membrane structure shown is from the measurement of KRAS-GppNHp. The KRAS-GDP profile was scaled to match that of KRAS-GppNHp in
surface coverage. (B) Cartoon of the stBLM-associated KRAS-GppNHp G-domain at a membrane distance in quantitative agreement with the NR results. The
orientation of the rotationally symmetric G-domain cannot be determined from the NR data, and an exemplary orientation is shown. Helices α5 (orange
ribbon), α4 (green ribbon), and α3 (red ribbon) are highlighted for reference. (C) FPOP dose–response curves for various regions of KRAS-GDP as represented
by peptides from proteolysis of unbound (blue) and nanodisc-bound (red) protein. The scavenger concentration was varied to change the radical dose to the
protein (or the time provided for reaction). Data for each region are plotted as the fraction modified of the representative peptide vs. the fraction modified
of the reporter peptide at each histidine (scavenger) concentration. Ninety-five-percent confidence intervals for each curve are shown as shaded regions. (D)
Residue-level FPOP response curves for nanodisc-bound and unbound KRAS as determined by MS/MS analyses of the peptides. (E) NMR-PRE ratios for KRAS-
GDP (Top) KRAS-GppNHp (Bottom) on 70:30 POPC:POPS nanodiscs. Unassigned and excluded residues within the G-domain (2–170) are left blank, see SI
Appendix for further information. Secondary structure elements are based on predictions from TALOS-N using backbone chemical shifts. (F ) NMR-PRE
ratios (I/Io) from KRAS-GDP projected onto a model structure at 40% (red) and 60% (yellow) cutoffs.
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Ser259 binding site (while the C-terminally bound 14-3-3 pro-
tomer remains complexed) and promotes the interaction of
RAF-CRD with phosphatidylserine at the plasma membrane.
The final step of RAF activation is dimerization, driven by the
increase in local RAF concentration at RAS nanoclusters (see
ref. 14 for review).
Defining how KRAS4b interacts with the membrane can

provide insights on how it recruits and facilitates RAF activation.
HADDOCK (High Ambiguity Driven protein–protein DOCK-
ing) studies restrained by NMR paramagnetic relaxation en-
hancement (NMR-PRE) results for KRAS4b that was chemically
tethered to lipid nanodiscs (15) showed that the G-domain
populates two membrane-bound conformations that differ in
their accessibility of the RBD binding site. Computational
methods also support the relevance of these configurations and
led to structural models of the membrane-anchored KRAS4b/
RAF1–RBDCRD complex (16–18).
The currently available structural information on KRAS

membrane association provides important hints to assess its in-
teraction with downstream effectors; however, gaps remain that
limit our knowledge of KRAS4b-membrane biology. For instance,
the dynamics of transitions between the membrane-associated
states of KRAS are not well characterized, and it remains un-
clear whether its G-domain remains membrane-associated or can
dissociate while remaining membrane-tethered via its disordered
HVR (residues S171 to C185). We previously developed a pro-
tocol to produce farnesylated and methylated KRAS4b (KRAS4b-
FMe). This form of KRAS4b recapitulates the processing of the
protein in mammalian cells and represents the authentic version
of the protein that can be used to study the interaction of KRAS4b
with membranes (19).
As presented here, we rigorously combined diverse biophysical

experiments with computational simulations to investigate the in-
teraction and dynamics of the authentically processed KRAS4b-FMe
protein with membrane in model lipid systems. Our results show that
KRAS4b-FMe, hereafter referred to as KRAS, binds at the mem-
brane surface where it is highly dynamic, and a high proportion of
the G-domain is fully solvent-exposed while remaining tethered to
the membrane via its HVR. Yet, a small subset of the population
remains closely bound to the membrane in defined orientations that
either expose or occlude the RAF effector binding site. Binding of
the soluble RAF1-RBD to membrane-associated KRAS alters the
relative populations of these conformations and the dynamics of
transitions between them, but not the configurational definitions of
these states with respect to the membrane.

Results
Characterization of KRAS Association with Charged Bilayers.
KRAS preferentially associates with anionic membranes. The equilib-
rium binding of prenylated KRAS to anionic sparsely tethered bi-
layer lipid membranes (stBLMs) (20) was characterized by surface
plasmon resonance (SPR) to identify optimal conditions for the
structural analysis using neutron reflectometry (NR). stBLMs com-
posed of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) were
prepared, and the dissociation constant of KRAS-GDP and KRAS-
GppNHp as a function of the molar fraction of POPS in the
membrane was determined (SI Appendix, Fig. S1 and Table S1).
KRAS-GDP and KRAS-GppNHp bound to 70:30 POPC:POPS
stBLMs with apparent dissociation constants, KD = (0.9 ± 0.3) μM
and KD = (1.2 ± 0.2) μM, respectively, consistent with previous
observations (19, 21–23).
KRAS G-domain is displaced from the membrane as determined with NR.
NR was used to structurally characterize proteins associated with
stBLMs that are immersed in aqueous solvent. It yields one-
dimensional (1D) spatial distributions, expressed as component
volume occupancy (CVO) profiles, of stBLM components and
membrane-associated protein along the membrane normal (24).

CVO profiles thus quantify how much volume within a plane at a
certain distance z from the interface is occupied by lipid and
protein components. The protein CVO profile is either modeled
using a free-form Hermite spline or it is derived from rigid body
rotations and translations of an independent high-resolution
structure with respect to the membrane (25). As an inherently
surface-sensitive technique, NR is blind to protein in the aque-
ous phase adjacent to the interface, and it has been successfully
applied in the past to structurally characterize various lipidated,
peripheral membrane proteins (24, 26, 27).
NR experiments were conducted with 70:30 POPC:POPS stBLMs

exposed to either 500 nM KRAS-GppNHp or 1 μMKRAS-GDP in
buffer containing 150 mM NaCl and 5 mM MgCl2. Fig. 1A shows
the spline CVO profiles of KRAS-GppNHp and KRAS-GDP on
such membranes. Protein surface coverages were determined (28,
29) and yielded one protein per (50 ± 4) lipids for KRAS-GDP
(solution concentration: 1 μM) and one protein per (100 ± 10) lipids
for KRAS-GppNHp (solution concentration: 0.5 μM), in agreement
with the results obtained by SPR. No significant differences between
CVO profiles from KRAS-GDP and KRAS-GppNHp were ob-
served. For both samples, the main protein density, attributed to the
G-domain, peaks at 33 to 38 Å from the center of the substrate-
distal lipid headgroups (Table 1). KRAS CVO profiles did not
significantly differ when testing the robustness of the results in
measurements with buffers without MgCl2 under variation of ionic
strengths (SI Appendix, Fig. S2 A and B and Table S2), although an
increased amount of membrane-bound protein was observed at
50 mM NaCl.
To interpret the spline CVO profiles of KRAS in terms of an

atomistic structure, one of the NR datasets with KRAS-GppNHp
was also analyzed by modeling the protein CVO profile using rigid-
body rotations of a high-resolution X-ray structure of the KRAS
G-domain (Protein Data Bank [PDB] ID code 6VC8) (SI Appendix,
Fig. S2C) (25). While a specific orientation of the G-domain with
respect to the membrane could not be identified due to its nearly
spherical overall shape, a Gaussian broadening of the X-ray struc-
ture by 5 ± 1 Å rms (13 ± 4 Å full width at half maximum [FWHM])
in addition to the globally applied surface roughness of the carrier
substrate was required to describe the data. The peak distance of the
rigid-body CVO profile remained in agreement with that of the
spline CVO profile reported in Table 1. The broadening indicates a
positional flexibility of the G-domain along z that is consistent with
occasional contact of the G-domain with the membrane. However,
such membrane contacts require a translation of the domain by 10 Å
or greater from its average location along z that gives rise to the
profile peak. From the observed broadening of the atomistic protein
profile, it is estimated that the G-domain occupies a membrane-
proximal position only with a weight of 11 ± 4% in the ensemble
of configurations (see SI Appendix for details).
Residues within the HVR make persistent membrane contacts as revealed
by protein footprinting. Fast photochemical oxidation of proteins
(FPOP) (30–32) uses hydroxyl radicals with a lifetime in the
microsecond range to determine those regions of KRAS that
interact directly with the membrane. The time of the exposure to
radicals was varied by using different concentrations of a scav-
enger, histidine (33, 34). We prepared solutions of KRAS alone
or in 1:1 ratio with nanodiscs (70:30 POPC:POPS) for FPOP
footprinting and analysis (workflow shown in SI Appendix, Fig.
S3). For mixtures of proteins free in solution and membrane-
bound, FPOP results are a composite between the two signals
(35). However, at the protein concentration used in solutions
with nanodiscs we expect the unbound fraction to be small
(15%), and given that the majority of the KRAS is bound, its
signal will dominate the composite signal. The presence of lipids
and the membrane scaffold protein may act as hydroxyl scav-
engers and bias the FPOP results between the two samples. To
compensate for such differential scavenging and to track the
FPOP labeling time, a reporter peptide, Leu-enkephalin, was
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included as a control for the different levels of hydroxyl radical in
each sample (36).
After footprinting, KRAS alone or complexed with nanodiscs

(70:30 POPC:POPS) were digested with chymotrypsin and the
modifications located by liquid chromatography–tandem mass
spectrometry (LC-MS/MS). The modification level of each
KRAS peptide was compared with the modification level of the
reporter peptide at each histidine concentration (Fig. 1C). Ex-
cellent sequence coverage was obtained for KRAS; the only
residues not identified in the peptide mapping were at positions
1 to 5 and 65 to 71. For each peptide, the two curves representing
the sample and reporter peptides should overlap if bound and
unbound states have identical solvent accessibilities. On the
other hand, regions protected by membrane binding show devi-
ations between the two curves (Fig. 1C). Although oxidized
amino acids were found throughout the whole protein, only
peptides corresponding to the HVR exhibited lower oxidation in
the presence of nanodiscs, confirming direct interaction with the
lipid bilayer. MS/MS analysis of these peptides identified M170,
K176 to 179, K182, K184, and C185 with diminished oxidation
levels in the presence of nanodiscs, indicative of their direct in-
teraction with the lipid bilayer (Fig. 1D). No other surface-
exposed amino acids exhibited altered oxidation levels in the
presence of nanodiscs, providing further support for the speci-
ficity of the method and the interaction. These results clearly
indicate that basic residues within the HVR directly mediate the
predominant interaction of KRAS with the bilayer.
The KRAS G-domain: Membrane interactions are dynamic. To determine
the orientation of KRAS on the membrane, we analyzed com-
plexes of 15N-labeled KRAS-GDP/GppNHp with nanodiscs by
NMR. Rather surprisingly, the 15N-transverse relaxation-optimized
spectroscopy (TROSY) spectra (SI Appendix, Fig. S4 A and B)
showed remarkably sharp and well-resolved peaks for a complex
of 110 kDa (∼89 kDa nanodiscs+ 21.5 kDa 15N-KRAS).Wewere able
to identify NMR signals from HVR residues S171 and D173 to
K179, indicating that this region is not persistently associated with
the bilayer. A signal for residue K172 was not observed, probably
owing to fast chemical exchange with bulk water at pH 7.4. Peaks
corresponding to K180 to C185 were not observed when KRAS was
bound to nanodiscs, most likely due to significant line broadening
from strong interaction with the lipid bilayer. The expected increase
in line widths was observed for the prenylated KRAS/nanodiscs
complex (SI Appendix, Fig. S4C).
Small chemical shift perturbations (CSPs) were observed in

the HVR (H166, M170, D173, K175, and K176) when compar-
ing the spectra of prenylated and unprenylated KRAS-GppNHp
in the presence of nanodiscs (SI Appendix, Fig. S4D). Small CSPs
were also observed for residues S106, D108, and V109 in loop 7,
a region that molecular dynamics (MD) simulations had previ-
ously implicated in transitions between exposed and occluded
KRAS conformations on lipid bilayers (37). In comparison, CSPs
in the HVR region of unprenylated KRAS-GppNHp with and
without nanodiscs for residues M170, D173, and K175 (SI Ap-
pendix, Fig. S4E) were at least threefold smaller.
Data from 1D TROSY for rotational correlation times

(TRACT) experiments (38) confirmed that KRAS-GDP were
bound to nanodiscs (SI Appendix, Fig. S4 F and G). The rotational

correlation time, τc, was determined to be 12.1 ns for free,
unprenylated KRAS-GDP and 20.3 ns or 22.3 ns for KRAS-GDP
on nanodiscs composed of 70:30 POPC:POPS or DMPC:DMPS,
respectively. Based upon the correlation between τc values and
molecular weights reported in ref. 38 and literature information
compiled at http://sopnmr.ucsd.edu/biomol-tools.htm (SI Appen-
dix, Fig. S5), the τc = 12.1 ns corresponds to a molecular weight of
26.8 kDa, which is close to 21.2 kDa, determined for 15N-KRAS
by mass spectrometry of the intact protein. The τc values of 20.3 ns
and 22.3 ns for the KRAS-GDP:nanodisc complexes correspond
to 48.1 kDa and 53.3 kDa, only half the expected value of 44 ns for
a 110-kDa complex. Similar τc values to those obtained from 1D
NMR TRACT were also estimated from 15N T1 and T2 relaxation
by using a rigid body assumption. Plots of 15N T1/T2 relaxation
ratios for individual residues identify flexible regions of the protein
(SI Appendix, Fig. S6 A and B). These plots show a similar trend
for the G-domain region with two dips centered around residues
E62 (switch II) and V109 (loop 7). The HVR remains more
mobile than the G-domain, as indicated by the lower T1/T2 ratio
for HVR residues. Consistent with the conclusion obtained from
NR, these results suggest dynamic states of the membrane-bound
KRAS, in which the G-domain, tethered by the farnesylated/car-
boxymethylated HVR, rotates independently of the nanodisc and
engages only transiently in interactions with the bilayer.
Sparsely populated membrane associated G-domain conformations iden-
tified by NMR-PRE. Previous NMR-PRE studies utilized [13C]iso-
leucine- or 15N-labeled KRAS chemically tethered to nanodiscs.
In our current work, we used authentically prenylated and car-
boxymethylated 15N-labeled KRAS, loaded with GDP or
GppNHp. Ratios of the residue-specific spectral intensities, I/I0,
in the presence and absence of Gd3+ then provide information
about surface areas of the protein in contact with the membrane.
In this experimental design, the interpretation of the PRE effect
is challenging, as both the Gd3+-lipid chelate and KRAS can
freely diffuse in the nanodiscs. However, by assuming that the
Gd3+-lipid chelate is evenly distributed within the bilayer, we can
infer which residues are in proximity to the membrane. As a
control, we measured changes in the PRE ratio of unprenylated
KRAS-GppNHp in the presence of nanodiscs (SI Appendix, Fig.
S6C). While there were minor decreases in PRE ratios for ob-
servable HVR residues, indicating weak interactions with the
nanodiscs, no changes were observed within the G-domain,
confirming the requirement of the farnesyl and carboxymethyl
modification at C185 for stable membrane attachment.
In contrast, significant PRE changes were observed in similar

experiments with authentically processed KRAS (Fig. 1E and SI
Appendix, Fig. S6 D and E). Mapped onto the KRAS model,
these data showed that the N-terminal β strands 1 to 3 and re-
gions of α helices 2 to 5 are proximal to the membrane (Fig. 1F).
As expected, the intensity of the signal decreases significantly
from α5 through the HVR to the C terminus. In both the GDP
and GppNHp bound states, NMR signals from G174 to K179 are
completely lost in the presence of Gd3+, suggesting that these
residues are close to the bilayer. The r−6 distance dependence of
the observed PRE ratios and the large paramagnetic effect at
short distances suggest that KRAS samples sparsely populated
states (39) in which the G-domain is located adjacent to the

Table 1. Protein-related parameters of the CVO profiles from modeling the NR results
shown in Fig. 1A

500 nM KRAS-GppNHp 1 μM KRAS-GDP

KRAS surface density (lipids per protein) 100 ± 10 50 ± 4
Protein peak position from center of

substrate-distal headgroups, Å
33 ± 4 38 ± 4

Protein CVO peak FWHM, Å 26 ± 6 28 ± 5
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membrane in addition to the highly populated states. Similarities
in the PRE profiles for KRAS-GDP and KRAS-GppNHp indi-
cated no apparent nucleotide dependence.
Membrane-distal and membrane-proximal conformations of the KRAS G-do-
main: Atomistic models from HADDOCK.HADDOCK (40, 41) was used
to identify atomistic models that conform to NMR-PRE and NR
measurements. First, we performed docking runs with NMR-PRE
and Rg (radius of gyration) restraints to direct the structures toward
matching the NR profiles for KRAS positioned off the membrane
(Fig. 2A). Good agreement was obtained between the averaged
profile from HADDOCK and the NR profile for membrane-distal
conformations in which the G-domain is slightly displaced from the
membrane. Such conformations of the KRAS G-domain were un-
likely represented by any single HADDOCK result, and the algo-
rithm identified an ensemble of such conformations with members
of similar free energy.
Next, we generated fixed models of the KRAS G-domain at

the membrane by using only the NMR-PRE data as restraints in
HADDOCK (Fig. 2B). Docking KRAS-GDP to the membrane
resulted in membrane-proximal states where the G-domain was
in contact with the bilayer. Specifically, we identified two con-
formations that were already previously observed (15, 42). One

family of conformations is characterized by the full exposure of the
RBD binding site to bulk water, hereafter called the “exposed”
conformation (15). These orientational states are within a broad and
shallow basin on a free energy surface that shows little signs of cor-
rugation, suggesting fast dynamic exchange. In the other, “occluded,”
conformation, the RBD binding site is adjacent to the membrane and
unavailable for effector binding. In the context of the membrane,
these conformations did not resemble those obtained from NR re-
straints. Taken together, this clearly suggests that KRAS configurations
on the membrane, while dominated by membrane-distal conforma-
tions of the G-domain, also involve membrane-proximal conforma-
tions that are consistent with the NMR-PRE attenuation pattern.
Profiling the dynamic exchange of membrane-proximal conformations
with coarse-grained MD simulations. HADDOCK models provided
specific structures that are consistent with the NMR-PRE mea-
surements. However, PRE data originate from an ensemble of
conformations and representing them as a limited set of struc-
tures oversimplifies their dynamic interchange. MD simulations
naturally provide an avenue to obtain information on the en-
semble of conformations. We performed coarse-grained (CG)
MD simulations to investigate membrane-proximal conforma-
tions of KRAS-GDP. Fig. 2B shows the free energy landscape of
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these G-domain configurations with respect to the membrane as
a function of two previously defined orientation parameters
(16)—the tilt angle of the G-domain away from the bilayer
normal, θt, and the azimuthal angle at which the tilt occurs, θr.
This representation shows two dominant free energy basins that
are consistent with those observed with all-atom MD simulations
(43). The more extended basin is observed at 30°< θt < 120° and
–160°< θr <   –20°. Conformations within this basin resemble ex-
posed conformations and show close contacts of α5 (orange
helix), α4 (green helix), and α3 (red helix) of the G-domain with
the membrane (Fig. 2B). As evidenced by the large dynamics in
tilting, α3 and α5 can form transient interactions with the
membrane through a “seesaw” mechanism in which α4 serves as
the anchoring point. A second basin is narrower and localized at
60°< θt < 90° and 50°< θr < 100°. Conformations within this basin
are characterized by the direct interaction of β3 and β2 with
anionic lipids and are populated by conformations where the
RBD binding site is occluded.
We considered different population ratios of conformations from

the MD-derived energy basins to compute the contributions of ex-
posed and occluded populations that best reproduced the experi-
mental PRE profile (Fig. 2C and see SI Appendix, Materials and
Methods and Table S5). The best fit to the experimental PRE data
represented a combination of 45% occluded and 55% exposed
conformations, but the uncertainty of this ratio is large. While we
were unable to determine statistically significant relative proportions
of exposed and occluded populations, this analysis suggests a fast-
dynamic exchange between the dominant membrane-proximal states.
The HADDOCK-generated configurations reside within and

on the periphery of the CG MD free energy minima for the re-
spective occluded and exposed conformational basins (Fig. 2B).
We also analyzed five orientations of models obtained using the
same HADDOCK docking algorithm. These configurations,
shown in SI Appendix, Fig. S7A, are also observed as hits in our
HADDOCK and CG MD simulation results, where we observed
all of the previously published occluded and exposed conforma-
tions (42). Mapping of NMR-PRE intensity ratios onto repre-
sentative CGMD exposed and occluded populations showed good
correlations between the NMR-PRE data and the CG MD
models, SI Appendix, Fig. S7B. Thus, two independent modeling
approaches converge on the membrane-proximal conformations
captured by NMR-PRE.

Effect of RAF1-RBD Binding on RAS Dynamics.
Positioning of the KRAS-GppNHp/RAF1-RBD complex on the membrane.
The structure of the KRAS-GppNHp/RAF1-RBD complex at
the membrane was characterized by NR. Given that neutrons
interact differently with hydrogen (1H) and deuterium (2H), it is
possible to separate contributions to the reflectivity from the
hydrogenated and deuterated components of a complex. Ac-
cordingly, a complex of 500 nM hydrogenated KRAS-GppNHp
and 500 nM deuterated RAF1-RBD was added to a preformed
stBLM composed of 70:30 POPC:POPS. NR measurements of
the stBLM were performed in H2O and D2O-based buffers be-
fore protein addition, during protein exposure, and after buffer
rinse. The NR-derived CVO profiles (Fig. 3A) show that binding
of RAF1-RBD to membrane-bound KRAS occurred in situ.
Subsequently, within minutes after the buffer rinse, RAF1-RBD
unbound from KRAS while the majority of KRAS proteins
remained membrane-associated (SI Appendix, Fig. S8A), sug-
gesting that dissociation of the KRAS/RAF1-RBD complex oc-
curs faster than unbinding of KRAS from the membrane.
RAF1-RBD binding to KRAS occurred at a molar ratio of

1:(1.0 ± 0.2) and the distance between the G-domain of KRAS
and the center of the substrate-distal headgroups remained at
30 ± 3 Å (compare Figs. 1A and 3A and see SI Appendix, Table
S3). A rigid-body modeling of the neutron data using the X-ray
crystal structure of the KRAS/RAF1-RBD complex (PDB ID

code 6VJJ) yields an excellent fit to the NR data assuming a
unique orientation of the complex with respect to the membrane
(Fig. 3B and SI Appendix, Fig. S8B). No additional broadening of
the high-resolution structure during rigid-body modeling was
required, indicating a narrowly distributed distance of the com-
plex from the membrane. In this orientation, α2 and β1 to β3 of
KRAS-GppNHp are parallel to the membrane and the RAF1-
RBD loop between β3 and β4 (residues 101 to 108) points to-
ward the membrane.
Changes in KRAS G-domain membrane association upon RAF1-RDB com-
plexation. NMR-PRE experiments were performed with authen-
tically processed 15N-labeled KRAS-GppNHp in complex with
RAF1-RBD bound to nanodiscs composed of 70:30 POPC:POPS
(Fig. 3C). The data were noisier than those for KRAS-GppNHp
alone owing to peak broadening upon RAF1-RBD binding. Over-
all, the PRE ratio pattern was similar to that observed with KRAS-
GDP or KRAS-GppNHp by itself on nanodiscs.
Complementary experiments were performed with 15N-labeled

RAF1-RBD bound to unlabeled KRAS-GppNHp on nanodiscs
(Fig. 3D). The most pronounced NMR-PRE effects on RAF1-
RBD were observed on the loops between β1 and β2 (residues F61
to Q66) and between β3 and β4 (residues L101 to R111), con-
sistent with the orientation determined with NR which predicted
that the loop between β3 and β4 is proximal to the membrane. The
interaction of these loops with the membrane is expected to be
predominately hydrophobic and electrostatic, especially for resi-
dues L101 to R111 which include three hydrophobic and six cat-
ionic residues. A moderate NMR-PRE response was observed for
β5 in the C-terminal region. NMR-PREs from KRAS and RAF1-
RBD mapped onto the NR fitted model (Fig. 3B) are shown in
Fig. 3E.
Modeling membrane-distal and -proximal conformations of the KRAS/
RAF1-RBD complex using experimental restraints. As reported earlier
for KRAS-GDP membrane docking (Fig. 2A), we used both
NMR-PRE and Rg as HADDOCK restraints to derive atomistic
models for KRAS-GppNHp/RAF1-RBD and determine aver-
aged profiles for comparison with the NR profile. This resulted
in a model of the complex where the G-domain and RBD are
displaced from the membrane (Fig. 4A). Even with RAF1-RBD
bound to the G-domain we did not observe conformations that
simultaneously satisfied both the NR and NMR-PRE results.
Similar to unbound KRAS, the KRAS/RAF1-RBD complex
exhibits membrane-distal states, as observed in the NR results,
along with membrane-proximal states identified in the NMR-
PRE measurements.
Using only NMR-PRE restraints in HADDOCK docking runs,

we observed that conformations in which the RBD binding site
of the membrane-bound G-domain is partially exposed fit better
than the “exposed” conformations identified with only KRAS on
the membrane. We refer to such conformations as semiexposed
(Fig. 4B). A decrease in the NMR-PRE signal intensity on α4
residues that are proximal to the membrane is consistent with an
exposed conformation (Fig. 3C). While some initial high-energy
structures from the HADDOCK docking results did contain
exposed conformations, none were present in the final 200
structures (Fig. 4B). This is consistent with previous HADDOCK
results on KRAS/ARAF-RBD which showed that semiexposed
conformations represent the majority of the population of states
with low energy, with only a minor population of exposed con-
formations (15). In the docking of KRAS/RAF1-RBD, energetic
penalties to achieve exposed conformations were apparently
significantly higher than for semiexposed conformations, and
these penalties likely originate from the NMR-PRE restraints for
RAF1-RBD, in particular for the RBD residues K65 and K106.
Indeed, when repeating the same docking runs without the
NMR-PRE restraints for RAF1-RBD we observed a mixture of
semiexposed and exposed conformations in the final docked
structures. These results suggest that the distributions of KRAS
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and KRAS/RAF1-RBD conformations from HADDOCK dock-
ing depend strongly on the number of restraints used.
Shifts in the membrane-proximal conformational population of KRAS upon
binding to RAF1-RBD. Millisecond CG MD simulations of the
KRAS-GppNHp/RAF1-RBD complex exhibited two major ba-
sins in the energy landscape as a function of the orientation
angles θt and θr. The major basin containing the exposed con-
formations for KRAS observed earlier was preserved upon
RAF1-RBD binding; however, occluded conformations in the
other basin were slightly shifted with respect to θt, resulting in
semiexposed conformations, as identified with HADDOCK.
Representative structures are shown in Fig. 4B. The energy
landscape looks quite similar to the one reported for KRAS/
BRAF-RBD (16). The HADDOCK models showed significant
similarity with the semiexposed ensemble of conformations
obtained from CG MD. Thus, both computational approaches
suggest a shift in membrane-proximal configurations toward
semiexposed conformations in the KRAS/RAF1-RBD complex.
We observed that a dynamic ensemble of the bound KRAS/

RAF1-RDB complex shifts toward the semiexposed state over
time, reducing the amount of the exposed conformations to
∼40%. This is consistent with the HADDOCK finding with
NMR-PRE restraints that exposed conformations were unfa-
vorable. The decrease of the exposed population in the presence
of RAF1-RBD can be attributed to transient interactions of the
effector with the membrane via a series of basic residues: K65
and K67 (in the loop between β1 and β2) and K106, K108, and
K109 (in the loop between β3 and β4). These resides also show a
significant intensity decrease in the NMR-PRE experiments
confirming their interaction with the membrane. Fig. 4C shows a
comparison between the experimental NMR-PRE intensities
(gray bars) and computed average NMR-PREs (red dots) from
MD simulations. Overall, the configurations captured by the CG
MD simulations are in good agreement with the NMR data (see

also SI Appendix, Fig. S9A). By varying the populations of ex-
posed and semiexposed conformations, as before, we found
that a ratio of 61%/39% semiexposed/exposed conformations
best reproduced the NMR-PRE. Regardless of the uncertainty
in this ratio, we conclude that relative population of these
membrane-proximal conformations are altered by binding of
the RAF1-RBD.

Discussion
Recruitment of RAF to the plasma membrane, by activated
RAS, is a requirement for the activation of the MAPK signaling
pathway. Defining KRAS’s membrane-bound state is funda-
mental to understanding the initial steps in RAF activation. By
using a combination of biophysical measurements and CG MD
simulations we propose a model that describes how dynamic
KRAS membrane interactions are important for RAF recruit-
ment. Specifically, the NMR-PRE results reported here establish
particular orientations of the G-domain on or near the mem-
brane in line with earlier studies (15, 42), but they are not fully
conclusive in distinguishing membrane-distal from -proximal
states. Specifically, the complete quenching of HVR residues 174
to 185 and the incomplete quenching of specific G-domain res-
idues (Fig. 1E), can be readily interpreted with two alternate
models: 1) The G-domain is displaced from the membrane in a
limited range of orientations or 2) The G-domain remains per-
manently membrane-bound with fast dynamic exchange between
distinct orientational states. Both concepts are consistent with
the observed NMR-PRE data, but model 1 is incompatible with
the extensive body of simulation results while model 2 is con-
tradicted by the NR, FPOP, and NMR data. However, a third
possibility to interpret the NMR-PRE results is a dynamic di-
rectional exchange between membrane-proximal and -distal
conformations.
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The KRAS G-domain is found 36 ± 4 Å from the center of the
substrate-distal headgroups (Fig. 1A)* and NR CVO profiles
indicate that the membrane-distal conformation represents 90%
of the ensemble (SI Appendix, Methods). This result is consistent
with 15N-TROSY and NMR TRACT, which indicate the
membrane-proximal conformations are the minor species. Pre-
vious studies using fluorescence anisotropy demonstrated a high
rotational mobility of membrane-anchored KRAS that was
dominated by free rotation of the G-domain (44), consistent with
our data. While there is experimental evidence that the
G-domain makes weak and transient interactions with PIP2-
containing liposomes (45), FPOP footprinting on PC:PS bilayers
showed no specific G-domain:membrane contacts, presumably
because they occur on a submicrosecond timescale or remain
below the level of detection. Our CGMD simulations and earlier
computational work (21, 37, 43, 45–47) show clearly that the
G-domain is mostly found associated with the membrane
throughout the simulation timescales typically achieved, al-
though a recent all-atom simulation identified KRAS states
where the G-domain was not exclusively membrane-bound (17).
Our HADDOCK docking results also reveal low-energy states in
membrane-bound G-domain orientations that are consistent
with the experimental NMR-PRE results. However, the fact that
the bulk of the computational work (including our own) is not yet
reconciled with experimental observation may reflect lingering
deficiencies in the methodology. Empirical forcefields might not
yet fully capture membrane electrostatics or there may be

difficulties in exactly mimicking in computational simulations the
experimental conditions that affect membrane-associated protein
dynamics.
Remarkably, our analysis shows that energetically favorable

orientations of the G-domain on the bilayer are preserved when
the domain dissociates and assumes a membrane-distal confor-
mation. This is revealed by the NMR-PRE results that show
incomplete quenching of those G-domain residues in immediate
contact with the bilayer in these orientations (Fig. 1E). Fur-
thermore, the orientation of the G-domain in complex with the
RAF1-RBD effector protein, identified in the NR and NMR-
PRE results (Fig. 3), agrees with the membrane-bound
G-domain orientations, both of the isolated G-domain and the
KRAS/RAF1-RBD complex in computational models (Fig. 4).
Specific G-domain residues that directly engage with anionic
lipids (15, 21, 43, 45, 46, 48) may orient the membrane-proximal
conformations, with correlation times below the microsecond
range as the FPOP results suggest, that are preserved when the
G-domain dissociates from the membrane. While our PRE-
NMR data are consistent with this conclusion, spin labels such as
Gd3+ have decreased sensitivity beyond 20 Å (49), and the
G-domain may reside in alternate distal conformations that we
are unable to detect. Finally, the rotational correlation time, τc,
of small dissolved proteins is about 10 ns and presumably longer
for the membrane-tethered G-domain. Since the lateral diffusion
time across 10 Å—the distance between its membrane-proximal
and -distal positions—is also in the 10-ns range, this provides a
realistic scenario. We therefore suggest that dynamic directional
exchange between rare membrane-proximal states and dominant
membrane-distal states of the KRAS G-domain primes the
protein toward productive contacts with its effectors or other
RAS molecules in the assembly of nanoclusters.
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Fig. 4. Correlation of experimental results with HADDOCK docking and CG MD simulation results of the membrane-bound KRAS/RAF1-RBD complex. (A)
CVO profiles of the outer membrane monolayer leaflet and the KRAS-GppNHp/RAF1-RBD complex, in which the constituent proteins are distinguished, as
derived from HADDOCK with restraints. The CVO profile consists of an average over the 200 final structures. A representative structure is superimposed. A set
of restraints favored protein orientations consistent with the NMR-PRE results and another, using the RG (radius of gyration) feature in HADDOCK, ap-
proximated the distance of the protein complex from the membrane as determined by NR. Symbols and bars above the profile visualize the center positions
and widths of the protein component profiles from NR (in which the RAF1-RBD component peaks in three distinct positions; see. Fig. 3A). (B) Free energy
landscape recapitulating the dynamics of KRAS/RAF1-RBD bound to a 70:30 POPC:POPS membrane, as obtained from MARTINI CG MD simulations. The tilt
and rotation angles of KRAS within the complex with respect to the membrane are based on 10 independent simulation replicas with a combined length of 1
ms. θt values are shifted by ∼–10° from those observed for membrane-bound KRAS alone (Fig. 2), brought about by steric collisions of RAF1-RBD with the
membrane. HADDOCK results (using only NMR-PRE restraints) in the same coordinate system are overlaid as cyan dots for the predominant, semiexposed
configuration of the G-domain on the membrane. Insets provide averaged conformations for HADDOCK and CGMD-derived structures with KRAS in cyan and
RAF1-RBD in pink. (C) Bar plot of measured NMR-PRE ratios for KRAS within the complex with RAF1-RBD, overlaid with predictions (red dots) for the PRE
effect from CG MD simulations for a mixture of 61% semiexposed and 39% exposed states and an offset distance of 0.286 nm.

*The center of the G-domain is then ∼25 Å from the bilayer surface, and the difference
between the center-of-gravity positions of the G-domain as seen in NR and in atomistic
MD simulations is ∼10 Å.
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KRAS dimers (4, 50–53) and nanoclusters (54–57) are im-
portant components in active signaling complexes. Dimerization
of KRAS on a nanodisc with nucleotide-specific interfaces was
recently identified, albeit with a weak affinity (KDdim ∼ 600 μM)
(58). The α3-loop and C terminus of α5 region are close to the
membrane in KRAS-GTPγS dimers, whereas KRAS-GDP di-
mers interact with the membrane via the C terminus of α5 and
β1–β2–β3 (58). Our KRAS-GDP and GppNHp PRE-NMR data
show no significant differences between the two nucleotide
states, suggesting any dimer formation was below the level of
detection. RAS nanoclusters are dynamic collections of proto-
mers interacting with the membrane and with one another.
KRAS shows a preference for planar membranes and clustering
is favored on the plasma membrane with less curvature, in
contrast to HRAS (59). While the conditions in our current study
do not favor the formation of clusters, it is likely that on the
plasma membrane when KRAS is in the distal conformation the
G-domain is available to engage via all interfaces nanocluster
assembly will be enhanced.
The dynamic exchange between membrane-distal and -proxi-

mal states is mediated by the disordered, flexible HVR. K180 to
C185 associates tightly with the lipid bilayer and forms the pri-
mary membrane anchor within the HVR (Fig. 1D and SI Ap-
pendix, Fig. S4 A and B). The remainder of the HVR also makes
strong contacts with the bilayer (Fig. 1E and SI Appendix, Fig.
S6 D and E), although G174 to K179 are well-resolved in the
NMR-TROSY spectra (SI Appendix, Fig. S4 A and B) and 15N
T1/T2 relaxation ratios for KRAS bound to nanodiscs indicated
that the HVR retains significant flexibility (SI Appendix, Fig.
S6B). These dynamic HVR:membrane interactions are of func-
tional significance, as they mediate the diffusion on membranes
(44, 60) and enable the rapid integration into signaling clusters
(61–63). The recruitment of anionic lipid patches (47) by en-
gagement of discrete lysines within the PBR with PS is essential
for transitioning the HVR between different conformations (8).
We propose these dynamic exchanges play a functional role in
orienting KRAS to a membrane-proximal state for assembly into
signaling clusters and effector engagement.
The KRAS/RAF1 RBD complex attains a well-defined ori-

entation on the membrane (Fig. 4) that is similar to the semi-
exposed state inferred for membrane-bound KRAS/ARAF-RBD
from NMR-PRE studies (15). The exposed and semiexposed
orientations of membrane-proximal KRAS/RAF1 RBD ob-
served in the CG MD simulations are still attained even when
the CRD is anchored to the membrane. Previous simulations
(16) and recent NMR measurements (64) of the KRAS/RBD-
CRD complex confirm these observations (SI Appendix, Fig.
S9B). Positional information from our NR measurements places
the KRAS/RAF1 RBD complex at a distance from the membrane

surface similar to that of the isolated G-domain (Fig. 3). How-
ever, atomistic simulations of KRAS/RBD-CRD identify states
where the G-domain is displaced from the membrane despite
strong CRD–membrane interactions (17), confirming the dy-
namic nature of the G-domain relative to the membrane. RAS/
RAF1-RBD complexation occurs at a rate of 107 M−1·s−1, with a
complex lifetime on the order of 50 to 100 ms (65). With 90% of
the G-domain displaced from the bilayer and the lifetime of its
membrane-bound states in the microsecond range, the RAF1-
RBD is much more likely to engage KRAS in a membrane-distal
state. Such disengagement from the bilayer may be a strict re-
quirement for capture and recruitment of the RAF1 holoprotein
to the much smaller, membrane-localized RAS protein.
In a directional fly-casting mechanism, the G-domain in-

creases its interaction range considerably by engaging its effector
as the bait. Transient membrane interactions orient KRAS such
that its switch regions are accessible to capture RAF1 from so-
lution by binding its RBD at a distance from the membrane
surface, as schematically depicted in Fig. 5. This may be a re-
quirement for facile effector activation, as RAS effector proteins
are typically large, multidomain structures that might be inca-
pable of binding small targets which are tightly membrane-
embedded. The absence of any structural resolution of RBD in
the recent cryo-EM structure of BRAF/MEK1/14-3-3 (10) sug-
gests that it is dynamic in solution and available for recruitment
by the membrane-distal KRAS G-domain. Recruitment of the
G-domain back to a membrane-proximal state, mediated by fly-
casting through the HVR, may facilitate the dephosphorylation
of S259 of RAF1 (presumably by the membrane-associated
SHOC2-MRAS-PP1 complex). Upon dephosphorylation and
rearrangement of the 14-3-3 protomer the RAF1 CRD would be
free to engage with the membrane and release the kinase domain
from autoinhibition. While the substantiation of such an activa-
tion mechanism clearly requires further experimental and com-
putational investigation, it provides an atomistic concept of
KRAS4B membrane localization that is based upon extensive
structural and computational results.

Materials and Methods
Protein production, nucleotide exchange, nanodisc preparation, SPR exper-
imental conditions, stBLM preparations, and NMR experiments are fully
described in SI Appendix, Materials and Methods.

NR. NR measurements were performed at the CGD-Magik reflectometer (66)
at the NIST Center for Neutron Research. NR measurements of KRAS-GDP,
KRAS-GppNHp, or a 1:1 complex of KRAS-GppNHp/deuterated RAF1-RBD on
stBLM were performed as described previously (67) with minor changes.
One-dimensional structural profiles of the substrate and the lipid bilayer
along the lipid bilayer normal were parameterized using a continuous dis-
tribution model as described elsewhere (24).

Activated KRAS
fly-casting to
recruit RAF

KRAS

KINASE

CRDCRBD 1144-33-33

1144--33--33

Plasma membrane

KINASE

CRD

Autoinhibited RAF
RAF binding to KRAS,
releases autoinhibition

KRAS KRAS

C
RBD

1144-33-33

1144
--33--33

CRD

RBD

KINASE

1144-33
-33

1144--33 -33

Fig. 5. Model of directional KRAS fly-casting, with the G-domain as bait for the RAF1-RBD, as a mechanism to recruit RAF to the membrane. Membrane-
bound KRAS is dynamic, and both membrane-bound and membrane-tethered conformations coexist in fast dynamic exchange. Once freed from a transient,
orientationally well-defined membrane-bound state, the KRAS G-domain, while firmly bound to the bilayer through its HVR, is dislodged from the surface
under, at least approximate, conservation of the orientation defined by the membrane contact. This dynamic process facilitates the capture of the large
effector protein which would not efficiently bind the small GTPase buried in the membrane. The autoinhibited RAF is modeled after a cryo-EM structure (10)
in which the CRD is sequestered and the RBD, at the periphery of the RAF/14-3-3 complex, is available for interaction with KRAS.
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FPOP Footprinting. FPOP was performed as described previously (68) and
described in detail in SI Appendix. Specifically, unbound or nanodisc-bound
KRAS, reporter peptide, H2O2, and variable levels of histidine to modulate
the lifetime of the hydroxyl radicals were prepared and submitted to ∼1,000
laser shots. The reporter was used to track the dosage (32, 36, 69). Each
sample was prepared in triplicate. Following FPOP, samples were digested
with chymotrypsin, LC-MS/MS separation, data analysis, and processing.

NMR Measurements. NMR data were collected at 25 °C on Bruker Avance III
and Varian VNMRS spectrometers operating at 600, 800, or 900 MHz and
equipped with cryogenic probes. Spectra were processed with NMRPipe (70)
and analyzed/visualized with nmrDraw and NMRFAM-SPARKY (71). Further
details are provided in SI Appendix.

Docking Simulations. Docking simulations were performed using HADDOCK
(40, 41) with the NR and PRE data providing restraints. KRAS-GDP (PDB ID
code 5TB5) and KRAS-GppNHp/RAF1-RBD (PDB ID code 6VC8) crystal struc-
tures were used. Docking simulations were performed as described previ-
ously (40, 41), with a complete description in SI Appendix.

MD Simulations and Computationally Derived PRE. All CG simulations were
represented using the MARTINI 2.2 force field (72), and production runs were
integrated using the GROMACS MD engine (version 5.1.4) with a recent
update in CG parameters setup which allows higher efficiency in preserving
the internal energy of the system (73). A full description of the simulated
systems as well as the MD protocol is provided in SI Appendix.

Projected distances between every backboneMARTINI bead of the protein
with respect to the surface of the membrane were used in order to back-
calculate a PRE intensity profile. This MD-derived PRE was then compared to
the experimentally derived PRE using a confidence analysis. A full descrip-
tion of the procedure is provided in SI Appendix, Materials and Methods.

Data Availability. All study data are included in the article and SI Appendix.
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