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Membrane anchoring of farnesylated KRAS is critical for activation
of RAF kinases, yet our understanding of how these proteins
interact on the membrane is limited to isolated domains. The RAS-
binding domain (RBD) and cysteine-rich domain (CRD) of RAF engage
KRAS and the plasma membrane, unleashing the kinase domain
from autoinhibition. Due to experimental challenges, structural in-
sight into this tripartite KRAS:RBD–CRD:membrane complex has re-
lied on molecular dynamics simulations. Here, we report NMR
studies of the KRAS:CRAF RBD–CRD complex. We found that the
nucleotide-dependent KRAS–RBD interaction results in transient
electrostatic interactions between KRAS and CRD, and we mapped
the membrane interfaces of the CRD, RBD–CRD, and the KRAS:RBD–
CRD complex. RBD–CRD exhibits dynamic interactions with the
membrane through the canonical CRD lipid-binding site (CRD
β7–8), as well as an alternative interface comprising β6 and the C
terminus of CRD and β2 of RBD. Upon complex formation with
KRAS, two distinct states were observed by NMR: State A was sta-
bilized by membrane association of CRD β7–8 and KRAS α4–α5
while state B involved the C terminus of CRD, β3–5 of RBD, and part
of KRAS α5. Notably, α4–α5, which has been proposed to mediate
KRAS dimerization, is accessible only in state B. A cancer-associated
mutation on the state B membrane interface of CRAF RBD (E125K)
stabilized state B and enhanced kinase activity and cellular MAPK
signaling. These studies revealed a dynamic picture of the assembly
of the KRAS–CRAF complex via multivalent and dynamic interac-
tions between KRAS, CRAF RBD–CRD, and the membrane.

KRAS | protein membrane interactions | RAF kinase | cysteine-rich domain
(CRD) | RAS-binding domain (RBD)

The prevalence of activating KRAS and BRAF mutations in
human cancers has spurred intense interest in studying the

structure, function, and biology of both proteins (1, 2), as well as
the mechanisms by which KRAS activates RAF kinases. There
are three RAF kinase paralogs (A-, B-, and CRAF), which are
each comprised of several conserved domains, including the
RAS-binding domain (RBD) and cysteine-rich domain (CRD),
together known as conserved region 1 (CR1), as well as the ki-
nase domain (CR3), and a Ser/Thr-rich region (CR2) involved in
regulation (3, 4). Inactive monomeric RAF in the cytoplasm is
autoinhibited by interactions between the N-terminal (N-term)
RBD–CRD region and the kinase domain (Fig. 1A). RAF can be
activated by membrane-anchored RAS-guanosine triphosphate
(GTP), which binds the RBD, disrupting autoinhibition and
recruiting RAF to the membrane, where the CRD forms addi-
tional interactions with phospholipids (2). Structural studies of
full-length RAF are challenging due to difficulties with pro-
ducing and purifying the protein, as well as sample heterogeneity
resulting from partial phosphorylation and long intrinsically
disordered regions. Structures of the CRAF CRD (5), RBD, and
RBD in complex with HRAS (6, 7), as well as active homo- and
heterodimeric RAF kinase domains, have been solved (3);
however, despite the wealth of structures, key details about the
assembly of RAS-GTP and the intact CR1 region on the membrane,

and how this promotes dimerization, remain unknown. It has been
reported that an interaction between CRD and RAS is critical for
the activation of RAF (8, 9) although it is not clear how these
domains interact, particularly when both are associated with the
membrane. Various RAS:CRD interfaces have been proposed
(10), involving the farnesyl moiety (11, 12), Switch II (13), N26/
V45 (9), and/or residues 23 to 30 (12) of RAS, and β7–8 (sec-
ondary structures have been numbered continuously in RBD–

CRD) (SI Appendix, Fig. S1D) (11) or the C-terminal (C-term)
region (14) of CRD. The potential binding sites, as well as the
nucleotide dependence of the interaction, remain controversial.
The CRD is an atypical C1 domain that has been shown to in-
teract with membranes enriched in phosphatidylserine (PS) (15,
16); however, its phospholipid-binding site has not been precisely
determined, nor has the effect of lipid composition on membrane
binding. These questions have been interrogated in a recent series
of high-quality molecular dynamics (MD) simulations (17–19);
however, these investigations have not converged on a consensus,
and experimental observations are required to support a data-
driven model.
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The KRAS oncogene is frequently mutated in human cancers,
and cancer-associated mutations are constitutively activated,
which stimulates RAF kinase activity at the plasma membrane.
Membrane-anchored KRAS engages the RAS-binding domain
(RBD) of RAF, and the adjacent cysteine-rich domain (CRD) in-
teracts with the plasma membrane via a poorly defined mecha-
nism. Studying this multidomain, membrane-dependent interaction
has been a major challenge; hence, assembly of the full KRAS–
RAF complex on the membrane is not well-understood. We de-
termined NMR-based structures of a KRAS:RBD–CRD complex on
a lipid bilayer, revealing how multivalent, dynamic protein–
protein and protein–lipid interactions stabilize the complex in
two states and how perturbation of this equilibrium by a cancer-
associated CRAF mutation promotes CRAF activation, potentially
via KRAS dimerization.
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In this study, we produced a RAF construct comprising the
tandem RBD and CRD and characterized how this dual domain
interacts with KRAS on the surface of a membrane (Fig. 1B). To

build a structural model, we examined how the pieces of this
puzzle fit together, starting by combining pairs of pieces, which
could be observed by NMR with high sensitivity. We then ex-
amined the entire tripartite complex comprised of RBD–CRD,
KRAS, and the membrane. Detection of this large complex by
NMR was challenging; however, several restraints were obtained
using a variety of isotopic labeling schemes. We then fit all these
pieces together to assemble the puzzle (Fig. 1) and build a
structural model of KRAS in complex with RBD–CRD on the
membrane.

Results
Purification and Characterization of the CRAF RBD–CRD Dual Domain.
The RBD and CRD are both folded domains connected by only
four residues (DHVP), but it is not known whether they are
closely associated or independent. While structures of RBD and
CRD have been determined in isolation, no structure of the
tandem RBD–CRD domain was available because it was a
challenge to produce. After several rounds of optimization, we
were able to purify an RBD–CRD construct comprised of CRAF
residues 55 to 187 (SI Appendix, SI Materials and Methods). We
assigned 90% of the backbone resonances of isolated RBD and
CRD domains (SI Appendix, Fig. S1 A and B) and compared
these chemical shifts to those of the RBD–CRD dual domain (SI
Appendix, Fig. S2D). The comparison of the 1H-15N hetero-
nuclear single quantum coherence (HSQC) spectra revealed that
separating the RBD and CRD induced only minimal chemical
shift perturbations, suggesting that the two domains are relatively
independent even though they are connected via a short sequence
(SI Appendix, Fig. S2 C and D). Not surprisingly, the largest
chemical shift differences were observed in sequences flanking the
linkage between RBD and CRD, as well as the C-term of CRD (SI
Appendix, Fig. S2D), which is spatially proximal to the N-term
linkage (SI Appendix, Fig. S1E).

Interaction of the RBD–CRD Domain with KRAS in Solution. With this
RBD–CRD dual domain construct in hand, we proceeded to
investigate how it interacts with KRAS, first in solution (i.e.,
in the absence of a membrane). To build structures of the
KRAS:RBD–CRD complex, we first characterized the interac-
tions formed between each pair of components within the complex
and then compared these with data obtained from the whole
complex. Addition of KRAS-GMPPNP to 15N-labeled tandem
RBD–CRD induced the expected chemical shift perturbations
(CSPs) in RBD peaks, particularly in β2 and α1, and also broad-
ened a number of CRD peaks, especially in the C-term region (SI
Appendix, Fig. S3). KRAS-GMPPNP did not induce appreciable
CSP in isolated 15N CRD, indicative of an RBD-dependent in-
teraction between KRAS and CRD (SI Appendix, Fig. S3). As
expected, the RBD–CRD interaction with KRAS remained
nucleotide-dependent as KRAS-GDP did not appreciably perturb
the spectrum of RBD–CRD (SI Appendix, Fig. S4A). Likewise,
farnesylated KRAS-GDP did not perturb RBD–CRD (SI Ap-
pendix, Fig. S4B) whereas farnesylated HRAS-GDP was reported
to perturb CRAF CRD resonances (11, 12), potentially due to
different titration ratios, buffer conditions, or RAS/RAF isoforms.
These spectra were collected with 1:1 stoichiometry in 450 mM
NaCl at pH 5.5, which was necessary to stabilize RBD–CRD, al-
though this buffer condition may reduce the strength of electro-
static interactions in the complex. The interaction between RAS
and CRAF RBD was previously shown to be enhanced by elec-
trostatic complementarity, which is reduced with increasing ionic
strength (20). Similarly, the high salt may weaken potential in-
teractions between KRAS and CRD (21) and is likely to reduce
the affinity of the polybasic C-term region of KRAS and the CRD
for the membrane, which contains acidic phospholipids (22–24).
Thus, we compared the interaction between KRAS and RBD–

CRD in a physiological buffer condition (SI Appendix, Fig. S5) to

A

B

Plasma membrane

RBDCRD

Kinase 
domain

Autoinhibitory state of RAF

N

C

KRAS
GDP

KRAS
GTP

KRAS
GTP

Kinase 
domain

CRD

RBD

CRD

RBD

Kinase 
domain

1. RBD-CRD

RBD

CRD

2. KRAS:RBD-CRD 3. ND:RBD-CRD

KRAS

CRD

RBD

CRD

CRD

RBD

4. ND-KRAS:RBD-CRD

KRAS
CRD

RBD

KRAS

Fig. 1. Assembly of the KRAS:CRAF complex on the membrane surface and
experimental approach for structural studies of bilayer-anchored KRAS in com-
plex with RBD–CRD. (A) assembly of a KRAS:CRAF signaling complex on the
membrane upon activation of KRAS. KRAS-GTP binding to the RBD recruits CRAF
to the plasma membrane, and the CRD interacts with the surface. This relieves
autoinhibition and promotes dimerization of the kinase domain. (B) “Jigsaw
puzzle” approach to determining structures of KRAS in complex with RBD–CRD
on lipid bilayer. 1, Potential interdomain interactions within the 15-kDa dual RBD
and CRD construct were assessed through CSPs (SI Appendix, Figs. S1 and S2). 2,
Engagement of RBD–CRD by KRAS in solution was characterized using multiple
techniques, including CSP, PRE, and NOEs (Fig. 2 and SI Appendix, Figs. S3–S12). 3,
RBD–CRD interactions with the surface of membranes of different lipid com-
position were characterized using nanodiscs with a PRE-tagged lipid (SI Appen-
dix, Figs. S13–S15). KRAS:membrane interactions were reported previously (21,
22). 4, Finally, the KRAS:RBD–CRD complex was oriented on the membrane
surface using lipid-PRE restraints (Figs. 3 and 4 and SI Appendix, Figs. S16–S24).
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that in the optimized NMR buffer (SI Appendix, Fig. S3C). In
physiological conditions, the solubility of RBD–CRD was poor,
and addition of the active farnesylated KRAS-GTPγS induced
extensive broadening of RBD–CRD amides and methyls (SI Ap-
pendix, Fig. S5). Nevertheless, the major sites exhibiting broad-
ening are β2 and α1 of RBD and the C terminus of CRD, which is
partially consistent with SI Appendix, Fig. S3E, and suggests that
the major sites of interaction (β2 and α1) appear to be retained.
To map the binding site of RBD–CRD on KRAS, we com-

pared the CSP induced by CRAF RBD versus RBD–CRD on
uniformly 15N- and 13C-methyl Ile, Leu, and Val (ILV) labeled
KRAS-GMPPNP and investigated whether the presence of CRD
caused any additional perturbations. The RBD induced CSP on
the KRAS β1–3 and α1–2 regions (SI Appendix, Fig. S6) whereas
RBD–CRD caused larger chemical shift changes and more
broadening of peaks from a KRAS region comprising α1, β2, and
α5 (SI Appendix, Fig. S7), suggesting this surface interacts with
the CRD when KRAS binds the tandem domain. To investigate
whether these CSP result from a direct interaction versus structural/
dynamical perturbations, we conjugated maleimide-2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) spin labels at each of two
cysteine residues introduced in the beta-sheet region of KRAS (an
N-term Cys preceding Met1 near β1, and a Q43C substitution in
β2) and analyzed the paramagnetic relaxation enhancement (PRE)
effect of these spin labels on 15N amides and 13C ILV methyls of
RBD–CRD (Fig. 2). PRE tags in either position on KRAS caused
strong peak broadening and high 1H transverse relaxation rates
(1H-Γ2) in the region near β6 and the C terminus of CRD (Fig.
2B), but Q43C induced higher overall PRE, indicating it is more
proximal to CRD. The Cys43 spin label generated strong PRE on
RBD β1-β2 and α1-β3 loops, consistent with the structure of
HRAS in complex with RBD (Fig. 2 B and C), and also affected a
loop between β9 and α2, suggesting that this surface of CRD is
near KRAS β2 (Fig. 2C). The peak intensity ratios obtained from
these PRE experiments were converted to 1H-Γ2 (SI Appendix, Fig.
S8A) and distance restraints (SI Appendix, Fig. S8B). To obtain
additional restraints, we performed nuclear Overhauser effect
(NOE) analyses of KRAS:RBD, as well as KRAS:RBD–CRD
complexes (SI Appendix, Fig. S9), and identified three intermo-
lecular NOEs between RBD and KRAS in both complexes (SI
Appendix, Fig.S9 C and D). These NOE, PRE, and CSP data (SI
Appendix, Tables S1 and S2) were converted to 67 distance re-
straints (details described in SI Appendix, SI Materials and Meth-
ods), and high ambiguity driven protein–protein DOCKing
(HADDOCK) software was used to generate NMR-driven struc-
tural models of KRAS:RBD and KRAS:RBD–CRD complexes in
solution (SI Appendix, Fig. S10) (25). The RBD:KRAS contacts are
conserved in both models and are consistent with the available
crystal structure of the RBD:HRAS complex (7). Analysis of the
KRAS:RBD models identified a large cluster comprising 98% of
solutions while the KRAS:RBD–CRD models formed two clusters
in which the RBD was fixed relative to KRAS, but the CRD
adopted two different orientations. This is consistent with weak
and transient interactions between KRAS and CRD (SI Appendix,
Figs. S10 and S11), which is supported by conformity analysis of
the PRE restraints (SI Appendix, Fig. S12), the lack of interaction
between KRAS and CRD in the absence of RBD, and the lack of
observable NOE between KRAS and CRD in the KRAS:RBD–

CRD complex, as well as the observation that KRAS broadens
specific CRD peaks in this complex, suggesting fast/intermediate
chemical exchange.

Interaction between RBD–CRD and the Membrane. To study inter-
actions between proteins and the membrane surface by NMR,
we previously developed a nanodisc PRE assay, whereby the
paramagnetic ion Gd3+ can be incorporated in the nanodiscs to
identify residues proximal to the bilayer surface through PRE-
induced broadening of their resonances (26, 27). We used this

method to map the sites of membrane interaction in RBD, CRD
(SI Appendix, Fig. S13), and the dual RBD–CRD domain (SI
Appendix, Fig. S14). As expected, in isolation, CRD exhibited
stronger overall PRE from the membrane than RBD (SI Ap-
pendix, Fig. S13A). The PRE effect was severe on strand β6 and
also prominent on β7–9 and the C terminus of CRD. In the RBD,
strand β2 experienced modest PRE. The strong PRE probes on
the CRD were used as restraints in HADDOCK to model its in-
teractions with nanodiscs. Among 200 solutions, CRD was found
in two orientations: a major “Perpendicular 1” cluster (84%) and a
minor “Parallel 1” cluster (15%), designated by the orientation of
the vector connecting the two zinc ions relative to the bilayer
surface (SI Appendix, Fig. S13 B and C). In the Perpendicular 1
cluster, CRD interacts with the lipids through β6, β7, and β8,
consistent with the “canonical” membrane interface previously
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Fig. 2. Site-directed spin-labeling and PRE reveal an RBD-dependent
interaction between KRAS and the CRD domain of CRAF. (A) Schematic
diagram of spin-labeled KRAS and the resulting PRE on RBD–CRD.
TEMPO-maleimide was covalently linked to one of two cysteine residues
introduced to KRAS near switch I (Q43C) or at the N terminus (Cys0).
Interaction with RBD–CRD caused PRE-induced broadening of peaks from
proximal residues (e.g., W187, Right). I#/Io is the ratio of peak heights before
and after quenching the TEMPO spin label with Vitamin C (Vit C). (B) Estimated
1HN-Γ2 rates of KRAS Q43C-TEMPO (red) or N-term-TEMPO (green) on 15N, 13C
Ile-Cδ, Val-Cγ, Leu-Cδ, Met-Ce-RBD–CRD amide, and methyl resonances. Resi-
dues broadened beyond detection after adding KRAS (even in the absence of
TEMPO) are colored gray. Residues broadened beyond detection in the pres-
ence of TEMPO are colored in red with a gray asterisk, and their 1HN-Γ2 rates
are assigned to a fixed value of 200. (C) Structural model of KRAS in complex
with RBD–CRD. The positions of Q43C and the N-term Cys (Cys0) in KRAS are
shown in pink and yellow, respectively. Residues exhibiting strong PRE from
TEMPO tags attached to Cys43 or N-term are colored red or orange,
respectively.
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identified by mutagenesis (15, 16) and MD simulations (17–19),
whereas Parallel 1 involves an adjacent surface.
In comparison to either domain in isolation, the RBD–CRD

dual domain exhibited higher overall PRE from the membrane
(SI Appendix, Fig. S14A), consistent with a recent report dem-
onstrating that linking the domains enhanced membrane affinity
(28). When the RBD and CRD were linked, the whole RBD and
a C-term region of the CRD experienced stronger PRE whereas
the PRE on the CRD β-strands, particularly β8, was reduced.
These data suggest that CRD recruits RBD to the membrane
where RBD-membrane contacts pull the CRD into a new ori-
entation. These PRE data were used as distance restraints in
HADDOCK simulations, which identified three orientations of
the CRD, whereas the RBD orientation was highly variable (SI
Appendix, Fig. S14B), which promotes productive encounters
with RAS (29). Among 200 solutions, the Perpendicular 1 ori-
entation of CRD involving β7–8 was still observed, but the size of
the cluster was reduced (14.5%). The major cluster was a distinct
“Perpendicular 2” orientation (56%) that interacts with the bi-
layer through the opposite surface of CRD comprising β9–10 and
the N terminus. A “Parallel 2” orientation, mediated by α2-β6,
formed another minor cluster (21%) (SI Appendix, Fig. S14C).
The drastic reduction of PRE in CRD β8 in the dual domain
implies that the Perpendicular 1 and Parallel 1 orientations, which
share the β7–8 interface, become less favored as RBD-membrane
interactions stabilize the Perpendicular 2 and Parallel 2 orientations.
PS has been proposed to be a critical lipid component for

membrane association of CRD (30) and KRAS (31–33), as well
as activation of RAF kinase activity (34). To study the PS de-
pendence of RBD–CRD membrane binding, we examined how
the concentration of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(DOPS, 0 to 20%) affects the RBD–CRD PRE profile (SI Ap-
pendix, Fig. S15A). Increasing concentrations of DOPS enhanced
the overall PRE on RBD–CRD. Specifically, PRE was enhanced
on β2 in RBD and the “canonical” Perpendicular1 interface in
CRD (β6–9); however, PRE on the C terminus of CRD (Parallel
interface) was reduced. These effects are likely mediated by the
distribution of hydrophobic and charged residues throughout the
construct (SI Appendix, Fig. S15A). In addition to PS, the plasma
membrane also contains other types of anionic lipids, and their
interactions with KRAS have been characterized in “lipid strip”
assays (35, 36); thus, we further investigated how addition of
phosphatidic acid (PA) and phosphatidylinositol 4,5-bisphos-
phate (PIP2) affect interactions with RBD–CRD (SI Appendix,
Fig. S15B). The three lipids (PA, PS, and PIP2) were associated
with similar overall RBD–CRD PRE profiles; however, PRE was
weaker from nanodiscs containing PA, which has a shorter head
group, whereas a concentration of only 4% of the more anionic
PIP2 led to PRE comparable to that of 20% PA. To our surprise,
the properties of the lipid acyl chains also affected RBD–CRD
interactions with membrane. A comparison of the PRE from
nanodiscs containing symmetric DOPS to that from the asymmetric,
more saturated and shorter POPS revealed that RBD–CRD
membrane binding was promoted by the longer, less saturated acyl
chain of DOPS.

NMR-Driven Structure and Dynamics of the KRAS:RBD–CRD Complex
on the Membrane. Our data show that the RAS-binding site (β2)
of CRAF RBD was involved in interactions between RBD–CRD
and the membrane, and we previously showed that maleimide-
conjugated KRAS (MC-KRAS) can adopt an “occluded” orien-
tation in which its RBD-binding site (Switch I) is blocked by the
membrane (26, 27); thus, we sought to investigate the structure of
a KRAS:RBD–CRD complex on the membrane surface. This
model was built using our solution structure of KRAS:RBD–CRD
combined with PRE-derived distance restraints between the pro-
teins and the membrane. To examine KRAS interactions with a
membrane when bound to RBD–CRD, we used our previously

described MC-KRAS nanodisc system (26, 27); however, addition
of RBD–CRD broadened most of the 13C-methyl resonances of
ILV-labeled KRAS beyond detection, even in the absence of PRE
(SI Appendix, Fig. S16A). This indicates that the relatively dynamic
motion of MC-KRAS on the membrane was restrained by com-
plexation with RBD–CRD, and its tumbling rate was significantly
reduced in this large (∼150 kDa) complex. To overcome this issue,
we expressed uniformly deuterated 13C-methyl ILV KRAS using
media comprising D2O and deuterated glucose (37, 38), which
enabled detection of most of the 13C-methyl resonances (SI Ap-
pendix, Fig. S16B). The similarity between this spectrum and that
of the complex in solution (SI Appendix, Fig. S7B) suggested that
the overall conformation of the MC-KRAS:RBD–CRD complex
was preserved upon binding to the membrane.
To map the protein surfaces of MC-KRAS:RBD–CRD that

interact with the membrane for an NMR data-driven model,
Gd3+ was incorporated into the nanodiscs (Fig. 3A). Addition of
RBD–CRD to nanodisc-tethered MC-KRAS enhanced PRE on
a region near α4-α5 (SI Appendix, Figs. S17C and S3C), consis-
tent with stabilization of an orientation in which the RBD-binding
site is exposed. A comparison of the PRE on 15N-labeled RBD–

CRD induced by nanodiscs alone versus nanodiscs containing
MC-KRAS indicated that the presence of KRAS enhanced
membrane interactions with RBD β3–5 (opposite the Ras-binding
site) and CRD β7–8 (Perpendicular1 interface), while reducing
that of the region that links the RBD to the CRD as well as the C
terminus of CRD (Fig. 3B and SI Appendix, Fig. S17B). To orient
the complex on the membrane, two separate HADDOCK simu-
lations were performed using high (1-I*/Io > 0.7) or intermediate
(1-I*/Io > 0.6) PRE thresholds (SI Appendix, Fig. S18 and Table
S3). The distribution of these residues is shown in Fig. 3C. In both
cases, the resulting HADDOCK models exhibit a major cluster in
which CRD adopts the “canonical” Perpendicular1 orientation
that interacts with the membrane through β6–8. In this cluster,
which we denote state “A,” MC-KRAS α4-α5 associates with the
membrane surface while the loop region between β2–3 interacts
with CRD and RBD is distal to the membrane (Fig. 3C). In-
teraction with MC-KRAS significantly broadened the line width of
peaks from RBD–CRD in the presence of nanodiscs (SI Appendix,
Fig. S14B and Fig. 3 B and C). The inclusion of intermediate-
strength PRE probes in the HADDOCK restraints resulted in
the appearance of an additional smaller cluster in which CRD
adopted a parallel orientation, and a polybasic stretch in the RBD
β3–4 loop (KGKKAR) contacted the membrane, leading to ex-
posure of MC-KRAS α4-α5. This orientation was denoted state
“B.” Conformity and violation analysis of strong and intermediate
PRE restraints indicated that a two-conformer model (state A&B)
was in good agreement with observed restraints (SI Appendix, Fig.
S19). The KRAS in state A adopted an orientation very similar to
our previously reported exposed orientation, except its α5 was
slightly lifted away from membrane because of its interaction with
CRD. State “B” resembles the semiexposed orientation, except
the angle between α5 and the membrane is greater (more ex-
posed) due to the existence of CRD.

Cancer-Associated Mutation in CRAF RBD Stabilizes State B and
Enhances Kinase Activity. RAF kinases are frequently mutated in
a number of cancers (39), and, while the kinase domain is affected
most frequently, mutations have also been observed in RBD and
CRD. A rare CRAF mutation detected in esophageal squamous
cell carcinoma (E125K) (40, 41) is located in the RBD, and the
resulting charge reversal would be predicted to stabilize state B of
the complex through favorable electrostatic interactions with the
anionic membrane surface (SI Appendix, Table S4 and Fig. 4A).
We examined the PRE profile of the RBD–CRD E125K mutant
in complex with MC-KRAS on nanodiscs and found that it indeed
enhanced the PRE (1H-Γ2) of K106, consistent with a shift toward
the state B orientation (Fig. 4B). This rare mutation has not been
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characterized in cells; thus, we assayed its kinase activity in
HEK293T cells in the presence and absence of epidermal growth
factor (EGF) stimulation to promote RAS activation (Fig. 4 C and
D). Transient transfection of CRAF E125K caused more ERK
phosphorylation in response to EGF stimulation than wild type
(WT) (Fig. 4 C and D), even though both expressed at similar
levels (SI Appendix, Fig. S20). Before it was identified in cancer,
Kiel et al. engineered the E125K mutant in CRAF RBD to alter
the electrostatic surface, but this mutation did not alter affinity for
RAS in solution, as determined by isothermal titration calorimetry
(42). This suggests the E125K-enhanced RAF kinase activation
was not due to increased affinity for RAS; however, the correla-
tion between elevated kinase activation and the population of the
state B orientation of KRAS:CRAF is consistent with our model
that stabilization of state B, which is compatible with KRAS di-
merization, promoted more efficient RAF activation and enhanced
signal transduction.

Discussion
The activation of the MAPK pathway is initiated by the re-
cruitment of RAF kinases to the plasma membrane by RAS,
releasing RAF autoinhibition and promoting dimerization of the

kinase domain. However, it has been challenging to integrate the
available structures of individual domains to elucidate the mo-
lecular and structural basis of activation; thus, more structural
studies are needed to understand this complex process. Due to
the challenges associated with experimental approaches to this
system, extensive efforts have been invested in performing MD
simulations, and, recently, three independent in silico studies
were published on KRAS and RBD–CRD interactions (17–19).
In a nutshell, our NMR-driven models agree with and share
some similarities with certain subsets of these published MD
models, but there are a number of key differences. All three
groups acknowledged that the dominant membrane interface is
β7–8 of CRD and the hypervariable region of KRAS, which were
previously characterized biochemically (43, 16). Our NMR data-
driven structures support these biochemical observations; how-
ever, details of the orientation and interaction of KRAS and
RBD–CRD with the membrane surface differ from any of the
reported MD models. The models from Buck’s group (18) pre-
dict that CRD β7–8 and KRAS α3-α4 form the major membrane
interaction sites and that they would compete for membrane
interaction and lead to a “tug of war” because they cannot en-
gage the membrane simultaneously. In our state A model, MC-
KRAS interactions with the membrane that occur through the
α4-α5 surface are compatible with simultaneous engagement of
CRD. However, an alternate competition was observed between
these interfaces and the RBD β3–4 loop, which establishes the
equilibrium between state A and B (Fig. 3C). Nussinov’s group
(17) proposed highly dynamic models of KRAS:RBD–CRD on
the membrane, all of which have KRAS α4-α5 exposed, similar
to our state B. But these models contrast with our state B model,
in that their CRD adopts multiple positions relative to KRAS,
and RBD β3–4 does not contact the membrane in most solutions.
Gnanakaran (19) built models that either included or excluded
restraints between KRAS and BRAF CRD based on previous
KRAS mutagenesis data (9). Interestingly, incorporation of this
restraint produced models that are somewhat similar to our state
A model, with simultaneous engagement of the membrane by
MC-KRAS α4-α5 and the canonical CRD loops; however, the
CRD is rotated by 70 ° relative to our model A and thus interacts
with MC-KRAS through a different surface. Exclusion of this
restraint produced models that resemble state B, except the CRD
was further rotated by 180 ° (Fig. 3C).
The present NMR-driven structure of the MC-KRAS:RBD–

CRD complex revealed an interface between MC-KRAS β2–3
and CRD β6–7, C-term, and the β9-α2 loop, which is dependent
on KRAS–RBD interaction. This interface is consistent with a
report that a V45E mutation on RAS β2 disrupted the binding of
CRD and impaired RAS-induced RAF activation (9). Further-
more, sequence alignments of 150 homologous RAF kinase se-
quences show that CRD β6–7 and β9-α2 loop (residues 162 to
176), along with the RAS-binding site in RBD (residues 66 to 70),
are the most highly conserved regions in RBD–CRD whereas the
CRD C-term is more variable (SI Appendix, Fig. S21). The high
conservation of the CRD β9-α2 loop underscores a functional
significance of this structural element. The divergence of the CRD
C terminus among RAFs may have evolved for isoform-specific
functions. Interestingly, the autoinhibited state of RAF was re-
cently solved by cryogenic electron microscopy, revealing that CRD
adopts a core position where it interacts with both 14-3-3 and RAF
kinase domain through its β6–7 and β9-α2 loop, respectively (SI
Appendix, Fig. S21B) (44). This suggests that the RAS-interacting
region of CRD is also involved in the proposed autoinhibitory
mechanism, in which the engagement of KRAS:RBD–CRD on the
membrane is coupled with release of the kinase domain for
activation.
To characterize how multivalent interactions with the mem-

brane may potentially enhance association of the complex with
the bilayer surface, we measured the affinities of farnesylated
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Fig. 3. Mapping the membrane association interface of the MC-KRAS:RBD–
CRD complex. (A) Schematic diagram of the experimental system to de-
termine membrane interfaces of MC-KRAS:RBD–CRD. Gd3+ was chelated
on a lipid head group and incorporated into a nanodisc-bound lipid bi-
layer. The resulting PRE on KRAS and RBD–CRD (alone and in complex)
identified residues proximal to the membrane surface (e.g., KRAS L133,
Right). Functionalized lipids 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine (PE)-N-diethylenetriaminepentaacetic acid (DTPA, red) and PE-maleimide
(green) were used to chelate Gd3+ or crosslink KRAS, respectively. (B) Estimated
1HN-Γ2 rates induced by Gd3+ on amide resonances of RBD–CRD in the presence
(red) or absence (green) of KRAS tethered to the nanodisc (ND). (C) Structural
models of the KRAS:RBD–CRD complex on the membrane. Isotopic probes are
shown in orange and red according to severity of broadening. State A represents
a major cluster based on strong PRE restraints while state B represents an al-
ternate conformation that satisfies restraints from intermediate PRE effects. Two
CRD bound zinc ions are shown as large spheres colored pink or blue and con-
nected by an arrow to indicate the orientation of CRD.
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KRAS, RBD–CRD, and farnesylated KRAS:RBD–CRD com-
plex for immobilized nanodiscs using biolayer interferometry
(BLI). The BLI data showed that the affinity of farnesylated
KRAS and RBD–CRD for the membrane (dissociation constant
[Kd] = 20 μM and 30 μM, respectively) was enhanced when they
formed a complex (Kd = 10 μM) (SI Appendix, Fig. S22), sug-
gesting cooperative assembly of the complex on the membrane.
It has been shown that KRAS nanoclusters colocalize with re-
gions of enriched PS on the membrane (45), which would favor
CRD docking proximal to KRAS. Enhanced membrane affinity
and local enrichment of these proteins may facilitate the for-
mation of dimers and nanoclusters of RAS:RAF complexes.
Our structural studies, which were performed using an average

of one KRAS per nanodisc, revealed that the MC-KRAS:RBD–

CRD complex adopted two orientations on the membrane me-
diated by either KRAS α4–5 and CRD β7–8 (state A), or KRAS
α5 and CRD α2/RBD β3–5 (state B). Recent studies have pro-
posed that KRAS signaling is promoted by the formation of
KRAS dimers on the membrane surface, and α4-α5 has been
proposed to mediate dimerization, based on superresolution fluo-
rescence microscopy (46), molecular simulations (47, 48), crystal
packing (49), NMR PRE assay (50), and mutagenesis (51). In our
state A MC-KRAS:RBD–CRD model, α4-α5 interacts with the
membrane surface, which is incompatible with α4-α5–mediated
KRAS dimerization. By contrast, in state B, the proposed α4-α5
dimerization interface is fully solvent-exposed and accessible
for interaction with a second molecule of KRAS. To investigate
the effect of increasing density of the KRAS:RBD–CRD complex
on its orientation on nanodiscs, we performed experiments in
which we added unlabeled farnesylated KRAS:RBD–CRD com-
plex to labeled MC-KRAS tethered to a Gd3+-tagged nanodisc
and bound to RBD–CRD. Although NMR detection was

challenging, we observed a notable reduction of PRE on KRAS
α4-α5 (reduction of state A) and significant enhancement of PRE
on KRAS β1–3 (enrichment of state B) (SI Appendix, Fig. S23),
indicating that increased density of the KRAS:RBD–CRD com-
plex led to a state B-like orientation. The β4 region of RBD
(106KGKKAR111 in CRAF) is the major interface that stabilizes
state B, and, interestingly, this sequence varies among RAF paral-
ogs (66KGRKTV71 in ARAF; 202DGEKKP207 in BRAF) (SI Ap-
pendix, Fig. S1D). CRAF has the most basic β4 region (net charge
+4), and it is preceded by a three-residue insertion (HEH) relative
to ARAF/BRAF whereas BRAF β4 is the most neutral (net charge
0) in nature (SI Appendix, Fig. S1D). The sequence divergence in
this region may dictate how each RAF paralog interacts with the
membrane, as well as the population and “residence time” of state
B. Interestingly, a number of rare mutations in this β4-α2 region
have been reported in the Catalogue of Somatic Mutations
(COSMIC) and The Cancer Genome Atlas (TCGA) database (SI
Appendix, Table S4) in both BRAF and CRAF, which increase the
net positive charge in the β4-α2 region (SI Appendix, Fig. S24). We
speculate that these alterations would augment the interactions
between β4-α2 and the membrane, thereby enriching state B and
promoting KRAS homodimerization.
In summary, our studies have characterized the interaction

between KRAS and RBD–CRD in solution and revealed two
NMR-visible conformational states of KRAS in complex with
RBD–CRD on the membrane. The two states of KRAS:RBD–

CRD on the membrane share similar protein:protein interfaces
but differ in their membrane interactions, which dictate the
orientation of both KRAS and RBD–CRD relative to the mem-
brane surface. State B is fully compatible for KRAS homodime-
rization through the α4-α5 interface whereas state A is not.
Increasing the number of KRAS:RBD–CRD complexes on the

A B

C D

Fig. 4. CRAF kinase activity is enhanced by a cancer-associated mutation that stabilizes state B orientation of KRAS:RBD–CRD. (A) The cancer-associated
mutation E125K (red), which is located in the state B membrane interface of RBD, is shown in the KRAS:RBD–CRD complex. Probes that report on state A and/
or state B (K106 and C155) are colored orange. Nanodisc, KRAS, RBD, and CRD are colored in grey, yellow, green, and cyan, respectively. The two zinc ions in
CRD are colored in blue or pink and connected by an arrow to illustrate the orientation. (B) Effect of the E125K substitution on the PRE profile of the
KRAS:RBD–CRD complex on Gd3+-tagged nanodiscs. Enhanced Γ2 of K106 indicates stabilization of state B. Error bars are estimated from spectral noise in
diamagnetic and paramagnetic samples. (C) Serum-starved human embryonic kidney 293T (HEK293T) cells without transfection or transfected with full-
length CRAF WT or E125K were treated with 2 ng/mL EGF for 0, 5, and 45 min, and Western blotted for phosphorylated ERK (pERK), total ERK, and CRAF. (D)
Quantification of ERK phosphorylation. The ratio of pERK/(ERK x CRAF) detected in each sample in B was normalized to the WT-CRAF sample at time 0 min.
Error bars represent the SD from three independent experiments.

12106 | www.pnas.org/cgi/doi/10.1073/pnas.1914076117 Fang et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914076117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1914076117


nanodisc promoted a shift toward state B, suggesting KRAS
clustering on lipid bilayers stabilizes state B. Further, a cancer-
associated mutation in RBD that increases the positive charge on
the membrane interface of state B both stabilized that state and
promoted kinase activity. Dimerization of the RAF kinase domain
is likely to play additional roles in the assembly of the activated
signaling complex. If future studies can overcome the technical
challenges associated with preparing sufficient quantities of full-
length RAF and detection of NMR signals from a much larger
complex, further structural mechanisms underlying the KRAS-
dependent activation of RAF may be revealed, along with new
therapeutic strategies.

Materials and Methods
Preparation of proteins and nanodiscs, NMR data collection and analysis, cell
transfection, Western blot, BLI assays, and RAF sequence analysis are fully
described in SI Appendix, SI Materials and Methods.

All docking simulations were performed using high ambiguity driven
biomolecular DOCKing (HADDOCK, version 2.2) software (25). The starting
structure of full-length KRAS4B GMPPNP was derived from PDB ID 4DST. The
complex formed by KRAS4B and RBD–CRD in solution was modeled in
HADDOCK using restraints derived from intermolecular NOEs, CSPs, and
PREs (SI Appendix, Table S2). A distance range of 2 to 6 Å and 2 to 5 Å was
applied to CSP and membrane-PRE–based ambiguous interaction restraints
(AIRs), respectively, and a distance range of 2 to 5.5 Å was applied to all
NOE-based unambiguous restraints in HADDOCK. For TEMPO PRE experi-
ments, two classes of distance restraints were used for structure calculation.
Peaks with an intensity ratio <0.5, but still detectable in the paramagnetic
spectra, were converted to restraints of the calculated distances ±4 Å. Se-
verely broadened peaks not detectable in the paramagnetic spectra were
converted to restraints with no lower bound and a target distance estimated
from the noise in the spectrum plus an upper bound of 4 Å. The conversion
from intensity ratio to calculated distance is described in SI Appendix, SI
Materials and Methods (29, 52–54). Due to the lack of protons in the

HADDOCK-derived structural model, the proton–proton NOEs were con-
verted to distance restraints between the adjacent carbon atoms of KRAS4B
and RBD–CRD. The TEMPO PRE data were converted to distance restraints
between KRAS4B Cys43 or the N-term Cys0 γ-position atoms and the carbon/
nitrogen atoms of RBD–CRD methyls/amides. In HADDOCK simulations, the
flexible dual domain RBD–CRD was treated as two independent molecules
with connectivity restraints between them, which consist of two files and
was first proposed by Bonvin’s group (55). The first file was used during rigid
body docking (it0) and semiflexible refinement (it1) to keep RBD C termini
(H133) and CRD N termini (V134) within 10 Å. A real peptide distance of 1.3
Å was imposed to RBD C termini and CRD N termini in the second file
(H-bond restraint file) to restore connectivity. To keep Zn2+ coordination in
CRD, 0 to 2 Å unambiguous distance restraints were defined between zinc
atoms and its coordinating atoms (H139, C165, C168, and C184 for one zinc,
and C152, C155, C176, and H173 for the other zinc in CRD). The docking
protocol comprised a 3,000 rigid-body docking stage, and the top 200
HADDOCK scored structures were further refined using semiflexible simu-
lated annealing, followed by water refinement.

Data Availability. The atomic coordinates and structures of the MC-KRAS:RBD–
CRD complex on nanodisc have been deposited in the Protein Data Bank, https://
www.rcsb.org/ under the accession code 6PTS (state A) and 6PTW (state B).
Materials and reagents are available upon request.
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