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SUMMARY

KRAS is frequently mutated in several of the most
lethal types of cancer; however, the KRAS protein
has proven a challenging drug target. K-RAS4B
must be localized to the plasma membrane by pre-
nylation to activate oncogenic signaling, thus we
endeavored to target the protein-membrane inter-
face with small-molecule compounds. While all
reported lead compounds have low affinity for
KRAS in solution, the potency of Cmpd2 was
strongly enhanced when prenylated K-RAS4B is
associated with a lipid bilayer. We have elucidated
a unique mechanism of action of Cmpd2, which
simultaneously engages a shallow pocket on
KRAS and associates with the lipid bilayer, thereby
stabilizing KRAS in an orientation in which the
membrane occludes its effector-binding site,
reducing RAF binding and impairing activation of
RAF. Furthermore, enrichment of Cmpd2 on the
bilayer enhances potency by promoting interaction
with KRAS. This insight reveals a novel approach
to developing inhibitors of membrane-associated
proteins.

INTRODUCTION

For more than three decades, mutations that hyper-activate

RAS proteins have been recognized as drivers of multiple can-

cer types. Among the RAS isoforms, K-RAS is the most

frequently mutated in human cancers, as it is altered in

�22% of all tumors, and most prevalent in pancreatic, colon,

and lung cancers (Prior et al., 2012). K-RAS4B, the predomi-

nant K-RAS splice variant expressed in human tissues, com-

prises a GTPase domain followed by a polybasic region

(PBR) and a C-terminal CaaX-box that specifies farnesylation

of Cys-185. The PBR and farnesyl group localize K-RAS4B to
Cell Chemical Biol
the plasma membrane, which is required for RAS signaling

output. The oncogenicity of K-RAS spurred a long-standing

interest in targeting this protein, which proved challenging

due to a lack of classical ‘‘druggable pockets’’; however,

recent reports of new lead compounds have reinvigorated

these efforts (Cox et al., 2014; Spiegel et al., 2014; Stephen

et al., 2014). Using an assay to screen for inhibitors of BRAF

activation by the prenylated form of the oncogenic K-RAS4B

G12V mutant in the presence of phosphatidylserine (PS), a

lead compound with a half maximal inhibitory concentration

(IC50) <1 mM in vitro and half maximal effective concentration

(EC50) <5 mM in cells was discovered (Jansen et al., 2017).

This compound (Cmpd2) is composed of piperidine, chloro-

benzyl, and indole fragments. Bio-layer interferometry (BLI)

experiments demonstrated that the affinity (Kd < 1 mM) of

Cmpd2 for prenylated K-RAS4B in the presence of PS is

consistent with its potency. Interestingly, the affinity of

Cmpd2 for the truncated, soluble GTPase domain of K-RAS

determined by nuclear magnetic resonance (NMR) was

much weaker (Kd = 700 mM), suggesting that the lipids play

a role in increasing the affinity of Cmpd2 for K-RAS4B. Here

we investigate the mechanism underlying the lipid bilayer-

dependent enhancement of the affinity of Cmpd2 for preny-

lated K-RAS4B.

Although crystal structures of K-RAS in complex with

several low-affinity and covalent lead compounds have now

been solved (Cox et al., 2014; Ostrem and Shokat, 2016),

there is little structural information available about how these

inhibitors may affect interactions between K-RAS4B and the

lipid bilayer. We previously utilized NMR spectroscopy to

derive atomic-scale structural models of the dynamic interac-

tions between K-RAS4B and lipid bilayers using nanodiscs

(Mazhab-Jafari et al., 2015), which are 5 3 10-nm discoidal

lipid bilayers bound and stabilized by a membrane scaffold

protein (Denisov et al., 2004; Schuler et al., 2013). Here we

have applied this high-resolution NMR approach to charac-

terize a ternary interaction between K-RAS4B, Cmpd2, and

a lipid bilayer containing 20% PS. Our results strongly

argue that Cmpd2 stabilizes a conformational state and

the orientation of K-RAS4B in which the effector-binding
ogy 25, 1327–1336, November 15, 2018 ª 2018 Elsevier Ltd. 1327
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Figure 1. Mapping the Membrane-Association Interface on

K-RAS4B G12V

(A and B) Paramagnetic relaxation enhancement (PRE) induced by Gd3+

chelated on the lipid bilayer surface on Ile-Cd, Val-Cg, and Leu-Cd resonances

(A) and backbone amide resonances (B) of GMPPNP-bound K-RAS4B G12V.

I*/Io is the ratio of peak heights in the presence/absence of Gd3+, and error bars

represent spectral noise.

(C) Distribution of PRE-insensitive (gray), weak (yellow), intermediate (orange),

and strong (red) PRE probes––as defined by thresholds in (A and B)––mapped

on the K-RAS4B structure (PDB: 4DST). Large and small spheres represent

methyls and amides, respectively.

See also Figures S1 and S2 and Table S1.
site is occluded at the membrane interface. This inhibits

signaling output by making RAF binding less favorable

and interfering with the process by which KRAS acti-

vates RAF.
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RESULTS AND DISCUSSION

Expanded NMR Probe Set Revealed More
Comprehensive Analysis of K-RAS4B-Membrane
Interface
To study K-RAS interactions with the membrane by NMR, a

K-RAS4B G12V (residues 1–185) construct bound to the GTP

analog GMPPNP was used. This protein was prepared with uni-

form 15N labeling (Figure S1B) and selective 13C labeling of Ile

Cd (11 residues), Val Cg (3), and Leu Cd (11) methyls. In the 15N

TROSY spectrum�125 peakswere observed, due to broadening

of peaks in the dynamic switch regions, and 82 well-resolved

peaks could be assigned by directly transferring assignments

from Biological Magnetic Resonance Bank entry 17785 (KRAS

GMPPNP) as well as our KRAS PBR assignment.

The protein was tethered to a lipid bilayer by covalently cross-

linking Cys185 to maleimide-functionalized phosphoethanol-

amine preassembled in nanodiscs comprised of DOPC/DOPS

(4:1) (Figure S1A). Compared with free K-RAS4B, tethering

K-RAS4B to nanodiscs broadened the line-width of resonances

from the G-domain while sharpening several signals from the

PBR (Figure S1C). We further incorporated a lipid with the para-

magnetic ion gadolinium (Gd3+) chelated by DTPA on the head

group, as we described previously (Mazhab-Jafari et al., 2015),

to identify K-RAS4B residues proximal to the bilayer surface by

resonances broadened due to paramagnetic relaxation

enhancement (PRE) (Figures 1A and S1D). All of the methyl

peaks and 72 of the 82 assigned amide peaks exhibited suffi-

cient signal to noise for analysis of PRE. The PRE effects were

most prominent on three surfaces of K-RAS4B G12V,

comprising helices a3-4, a4-5 and strands b1-3 (Figure 1). The

a4-5 and b1-3 interfaces were identified in our previous study

of K-RAS4B G12D using 11 13C Ile Cd probes; however, detec-

tion of the a3-4 interface, which was predicted in a recent molec-

ular dynamics simulation (Prakash et al., 2016), required the

addition of 13C-Leu/Val and 15N-amide probes, because it lacks

surface-exposed Ile. The 13C and 15N probes were categorized

according to the magnitude of PRE-induced peak broadening

(Figures 1A and 1B), and those exhibiting strong, moderate, or

weak PRE were mapped on the K-RAS4B structure (Figure 1C),

together with ‘‘PRE-insensitive’’ probes that were broadened

by <30% (13C) or <40% (15N). The PRE-sensitive probes cluster

where the three interfaces described above converge near the

PBR (Figure 1C, left), which tethers K-RAS4B to the membrane

and therefore experiences strong PRE (Figures 1B and 1C).

The probes that exhibit intermediate and strong PRE were

used as distance restraints in high ambiguity-driven biomole-

cular docking (HADDOCK) simulations to build structural models

of K-RAS4B on the bilayer (Table S1, left panel). Among the final

200 HADDOCK docking solutions, K-RAS4B was observed in

five distinct clusters including an ‘‘occluded’’ orientation (O1) in

which K-RAS4B contacts the membrane through b1-3, whereby

the effector-binding site (switch I) is occluded by the membrane

surface (Figures 2A and 2B). In the largest cluster (E1), a4-5 con-

tacts themembrane and switch I is exposed, while two additional

small clusters comprise a continuum of exposed orientations

(E2 and E3) involving the adjacent faces a4 and a3-4, and the final

cluster comprises a semi-exposed (SE) orientation mediated by

a5 (Figures 2A and 2B).
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Figure 3. Cmpd2 Reverses the K-RAS4B Exposed Orientation Shift

on the Lipid Bilayer Induced by the Oncogenic Mutation G12V

(A) PRE broadening of 13C Ile Cd resonances of nanodisc-tethered GMPPNP-

bound K-RAS4B WT (black) versus G12V mutant (red) by Gd3+ chelated by

PE-DTPA.

(B) Distribution of K-RAS4B Ile-Cd probes on K-RAS4B structure (red,

broadened >30% inWT; orange, broadened <30% inWT). A similar analysis of

K-RAS4B G12V is presented in Figure 1C. Position of Ile-Cd probes relative to

the membrane surface of E1 (left) and O1 (right) orientation is highlighted.

(C) PRE effect on Ile36 and Ile55-Cd of nanodisc-tethered K-RAS4B G12V

GMPPNP in the absence and presence of compounds including Cmpd2,

Ring2, Frag2, and C6ME. Chemical structure of compounds shown at right.

Error bars in (A and C) represent spectral noise.

See also Figures S2 and S4 and Table S5.
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Figure 2. HADDOCK-Derived Models of K-RAS4B Orientations on a

Lipid Bilayer

(A) Cluster analysis of 200 PRE-driven HADDOCK models of the K-RAS4B-

nanodisc complex, represented on a plot of HADDOCK score versus root-

mean-square deviation (RMSD) to the mean structure in the E1 cluster defined

as the structure in E1 with lowest RMSD to all other 199 structures, calculated

as described in Mazhab-Jafari et al. (2015). Populations of individual clusters

are given as percentages.

(B) PRE-based models of the K-RAS4B-nanodisc complex derived from five

K-RAS4B orientation clusters: exposed (E1/E2/E3), semi-exposed (SE), and

occluded (O1). Secondary structural elements involved in membrane contacts

are annotated, and an arrow is drawn through the axis of helix 5 (N-terminal,

red, to C-terminal, green) to convey orientation.

See also Figure S6 and Table S2.
Cmpd2 Stabilized the Occluded Orientation of K-RAS4B
on the Membrane
Using the PRE on Ile36 as an indicator, we previously found that

the population of the K-RAS4B occluded state is decreased by

the highest frequency oncogenic mutation G12D (Mazhab-Jafari

et al., 2015). Here we show that the second most frequent muta-

tion, G12V, exerts a similar effect (Figures 3A and 3B), indicating

that reorientation of K-RAS4B is not a direct electrostatic effect

of an anionic substitution. To determine how K-RAS4B orienta-

tion impacts effector-binding affinity, we compared the affinity

for BRAF-RAS-binding domain (RBD) of nanodisc-associated

K-RAS4B wild-type (WT) versus G12V (Figure S2D). We and

others previously showed that in solution the G12V mutation re-

duces the affinity for RAF RBDs by severalfold (Hunter et al.,

2015; Smith and Ikura, 2014), whereas here we found that

when K-RAS4B is tethered to a bilayer, the G12V mutation is

less disruptive (affinity is �30% lower than WT), likely because

the increase in the exposed state partially offsets the reduction

in inherent affinity. Since inhibition of K-RAS4B G12V by

Cmpd2 was potentiated by the presence of lipids, we examined

whether Cmpd2 affects the orientation of K-RAS4B G12V

GMPPNP on a bilayer. Analyzing the PRE effect on Ile36 in a first

step, we found that addition of Cmpd2 remarkably increased the

population of the occluded conformation, as seen by a signifi-

cant increase in the PRE effect on Ile36, as well as Ile55 (near

the binding site as defined below) (Figure 3C). We also examined

the effect of Cmpd2 on K-RAS4B WT, which exhibits a larger

population of occluded orientation than G12V as detected by
the PRE of Ile36 (Figure S2E). Addition of Cmpd2 further

increased the PRE on Ile36 of K-RAS4B WT, but the change

was smaller than that of G12V, indicating that Cmpd2 may be

more active against the mutant that was originally screened

(Jansen et al., 2017). The indole fragment of Cmpd2 (Frag2, Fig-

ure 3C) resembles lead compounds previously reported to bind
Cell Chemical Biology 25, 1327–1336, November 15, 2018 1329
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Figure 4. Cmpd2 Shifts K-RAS4B G12V Orientation Equilibrium from

Exposed State to Occluded State

(A) PRE induced byGd3+ chelated on the lipid bilayer surface on Ile-Cd, Val-Cg,

and Leu-Cd resonances of GMPPNP-bound K-RAS4B G12V in absence

(black) and presence (red) of 1 mMCmpd2. Lower panel: change in PRE effect

upon addition of Cmpd2. Error bars represent spectral noise.

(B) K-RAS4B residues that exhibit increased (red) or decreased (blue) PRE

in the presence of Cmpd2 are mapped on the ribbon structure, together

with the Cmpd-2 binding site (Cmpd2 is shown in orange). The position of

the membrane surface in the E1 (gray) and O1 (purple) orientations is high-

lighted.

(C) Cluster analysis of 200 PRE-driven HADDOCK models of the K-RAS4B-

nanodisc-Cmpd2 complex, represented on a plot of HADDOCK score versus

RMSD to the mean structure in the E1 cluster. The O1 cluster is populated to

52% in the presence of Cmpd2 versus 6.5% in absence of Cmpd2.

See also Figures S2 and S7, and Tables S1, S3, and S4.
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to K-RAS4B (Maurer et al., 2012; Sun et al., 2012), andwas found

to be sufficient for binding to K-RAS4B in solution with low affin-

ity (Figure S3A). However, neither Frag2 nor the piperidine-chlor-

obenzyl fragment (Ring2) alone was sufficient to affect the

orientation of K-RAS4B G12V on the membrane, indicating

that this function requires a linkage between both fragments (Fig-

ure 3C). To investigate the importance of the interaction of

Cmpd2 with K-RAS4B on the orientation of the protein, we

used a similar compound (C6ME), with a piperidine-benzyl

fragment linked to an indole lacking the C5-Br and bearing a

C6-methyl ester, which disrupts binding to unprocessed

K-RAS4B G12V (Figure S3B), and shows only weak inhibition

of RAS-mediated RAF activation (Table S5). As expected,

C6ME did not affect PRE near the Cmpd2 binding site (Ile55).

Surprisingly, C6ME did modulate the PRE on some residues,

including amodest increase on Ile36, suggesting that, in addition

to specific interactions between Cmpd2 and K-RAS4B

(described below), this family of indole-piperidine-benzyl

compounds may further impact K-RAS4B interactions with the

membrane through non-specific perturbations of the lipid

bilayer. The effects of this series of compounds on K-RAS4B

orientation (Figure 3C) correlate with inhibition of K-RAS4B-

mediated activation of RAF in the coupled assay (Table S5), in

which Frag2, C6ME, and Cmpd2 exhibited progressively

increasing inhibitory effects (Table S5). The methyl ester of

C6ME impairs binding to the KRAS indole pocket, and thereby

reduces its impact on the conformational equilibrium as well as

inhibition of RAF activation.

To derive a more comprehensive understanding of the mech-

anism by which Cmpd2 changes K-RAS4B orientation, we

analyzed the effect of Cmpd2 on the PRE of all the 13C and 15N

probes described above. The increased total number (99) of

the NMR probes relative to our previous studies using 11 13C

Ile Cd probes (Mazhab-Jafari et al., 2015) was the key to dissect

the effect of Cmpd2 on K-RAS4B conformation on the mem-

brane. The addition of Cmpd2 increased PRE-induced global

line broadening on most of the 13C methyl (Figure 4A) and 15N

amide probes (Figure S2B) of nanodisc-tethered K-RAS4B,

indicating that it stabilized interactions between K-RAS4B and

the bilayer surface, which was not observed with C6ME. The

few probes that exhibited significantly reduced PRE with addi-

tion of Cmpd2 are located in a5 and b5 (Figures 4A and S2B),

indicating a decrease in the major exposed orientation E1. Those

showing more PRE in the presence of Cmpd2 cluster around the

b interface of K-RAS4B G12V (Figure 4B), which coincides with

the Cmpd2-binding site mapped by chemical shift perturbations

(CSPs) (Figures S3C and S3D) and nuclear Overhauser effects

(NOEs) (Figure S4A; Table S6). The addition of Cmpd2 to either

the GDP- or GMPPNP-bound forms of K-RAS4B G12V (1–185)

in solution induced CSPs in the 1H- 15N heteronuclear single

quantum coherence (HSQC) spectrum, which mapped to two

regions, one close to L56 and the other near H95 (Figures S3C

and S3D). NOE restraints between Cmpd2 indole protons and

residues V7, L56, T58, M72, and T74 of KRAS-GDP in solution

(Jansen et al., 2017) (Table S6) unambiguouslymapped the bind-

ing site to a pocket adjacent to switch I that overlaps with the

binding site previously identified by crystallography for two

similar indole derivatives, Cmpd13 and DCAI (Maurer et al.,

2012; Sun et al., 2012) (Figure S4). These other indoles also
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Figure 5. Cmpd2-Induced Reorientation of

K-RAS4B on Nanodiscs Is Disrupted by

Mutation of Its Binding Site

(A) Mutation of a residue in the Cmpd2 binding

pocket (T74W) reduced Cmpd2 binding to

K-RAS4B G12V in solution. Chemical shift pertur-

bations induced by Cmpd2 on GDP-bound

K-RAS4BG12V T74W. Insets: perturbation of resi-

dues near the Cmpd2 binding pocket in the T74W

mutant compared with their counterparts in

K-RAS4BG12V.

(B) Mutation of the binding site reduced Cmpd2-

induced PRE enhancement on K-RAS4BG12V

b interface. PRE effect on Ile36 and Ile55-Cd of

nanodisc-tethered GMPPNP-bound K-RAS4BG12V

versus K-RAS4BG12V T74W in the absence and

presence of Cmpd2. Error bars represent spectral

noise.

See also Figures S3 and S4.
perturbed the H95 region on a3 (Maurer et al., 2012; Sun et al.,

2012), suggesting an allosteric connection to the switch I binding

pocket, although we cannot rule out the possibility that this site

may exhibit weak affinity for the indoles. Using NOE-based dis-

tance restraints, we carried out HADDOCK simulations to build

structural models of Cmpd2 bound to K-RAS4B in solution.

With a rich network of intermolecular NOE restraints between

the indole fragment of Cmpd2 and 8 residues, it is invariably

found in the binding pocket formed by K5 and V7 on b1 and

L56 and T58 on b3 in the ensemble of models, while the piperi-

dine-chlorobenzyl fragment can be observed in a position

between switch I and a2 in the major cluster, where it forms

hydrophobic interactions with M67 (Figure S4A). The indole-

binding pocket is not present in most RAS crystal structures;

however, a similar pocket was observed in a structure of

H-RAS-GMPPNP in an alternate, signaling-incompetent confor-

mation designated ‘‘state I’’ (PDB: 4EFM; Muraoka et al., 2012).

Interestingly, Cmpd2 stabilizes state I of K-RAS4BG12V (Jansen

et al., 2017), suggesting conformational selection as a mode of

binding.

To confirm that the shift toward the occluded orientation

induced by Cmpd2 depends upon specific binding to

K-RAS4B, a mutation (T74W) was introduced to the Cmpd2-

binding pocket to disrupt binding of the compound. T74 is not

highly conserved in the RAS subfamily, and we predicted that

the introduction of a Trp side chain would partially occupy the

Cmpd2-binding site. Further, some RAS subfamily members

have Trp in this position, suggesting that the substitution would

be unlikely to disrupt folding, which was confirmed by the HSQC
Cell Chemical Biolog
spectrum (Figure 5). In solution, the T74W

mutant exhibited fewer and smaller CSPs

on key residues near the main binding

pocket upon addition of Cmpd2 (Fig-

ure 5A), demonstrating that the mutation

reduced binding as expected. When

tethered to nanodiscs, the T74Wmutation

diminished the Cmpd2-induced enhance-

ment of PRE on the b interface of

K-RAS4BG12V (Figure 5B), thus support-
ing a requirement for specific interaction of Cmpd2 with

K-RAS4B to stabilize the occluded orientation.

Cmpd2 Simultaneously Engaged the K-RAS4B
b Interface and the Surface of the Lipid Bilayer
The Cmpd2 binding site is located on the b interface of

K-RAS4B, and the increased PRE on this region indicates that

its proximity to the bilayer is enhanced by addition of Cmpd2

(Figure 4B). This suggests that Cmpd2 simultaneously engages

both the K-RAS4B b interface and the surface of the bilayer,

acting as a ‘‘glue’’ that stabilizes this occluded orientation. To

investigate interactions between Cmpd2 and the lipid bilayer,

we analyzed the NMR spectra of the compound in the presence

or absence of nanodiscs and/or K-RAS4B (Figure S5). K-RAS4B

alone perturbed the chemical shifts of indole-ring protons (H2,

H3, and H6, Figure S5B), consistent with the observed NOEs.

In the presence of 20% DOPS nanodiscs, the sharp 1H reso-

nances of Cmpd2 were all severely broadened and the chemical

shifts exhibited large perturbations (Figure S5B), indicating a

strong interaction between Cmpd2 and the nanodiscs, consis-

tent with its calculated LogP (cLogP) value of 4.4 (Figure 6A).

To discriminate which part of Cmpd2 contributes to K-RAS4B

and nanodisc binding, the bromo-indole (Frag2) and piperi-

dine-chlorobenzyl (Ring2) fragments were studied separately.

In isolation, Frag2 peaks were strongly perturbed by nanodiscs,

whereas Ring2 peaks were severely broadened (Figures S5C

and S5D), suggesting that both the indole (cLogP 3.3) and piper-

idine-chlorobenzyl (cLogP 2.6) rings contribute to the associa-

tion with lipids. The characteristic surface trimethylamine
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Figure 6. Cmpd2 Inserts into the Lipid

Bilayer with the K-RAS4B-Binding Indole

Moiety Near the Surface

(A) Cmpd2 (cLogP = 4.4) partitions into the lipid

bilayer and perturbs chemical shifts of lipid pro-

tons. Compound 2 is shown alongside DOPC and

DOPS (head groups, red; glycerol moiety, cyan;

hydrocarbon tails, black), and the locations of lipid

protons with well-resolved resonances are indi-

cated: methyl protons (MP), alkene protons (AP),

methylene protons (MEP), and trimethylamine

protons (TMP). Middle: 1D NMR spectrum of

DOPC/DOPS nanodiscs, with or without KRAS

conjugated, with resonance assignments indi-

cated. Bottom panels: chemical shift perturbation

of TMP (left), magnitude of chemical shift changes

(right) and TMP line-width changes (bottom)

induced by Frag2, Ring2, and Cmpd2 (structures

shown at left). Error bars represent the digital res-

olution of each NMR experiment.

(B) Effect of lipid composition and compound

modification on interactions with nanodiscs.

Chemical shift perturbation of lipid resonances

(80%DOPC/20%DOPS) by Cmpd2 versus C6ME,

and effect of lipid composition (100% DOPC

versus 80% DOPC/20% DOPS) on Cmpd2-

induced perturbations. Error bars represent the

digital resolution in the NMR experiment.

See also Figures S4, S5, and S7.
1H resonance (trimethylamine protons [TMP]) of the DOPC head

group was perturbed by addition of Cmpd2 or Frag2, but not

Ring2 (Figure 6A), suggesting that Cmpd2 effectively associates

with the bilayer in a manner in which the indole moiety is at the

surface and the Ring2 moiety is more buried in the bilayer (Fig-

ure 6A). Further, the presence of K-RAS4B G12V tethered to

nanodiscs enhanced the Cmpd2-induced CSP and line broad-

ening of the TMP resonance (Figure 6A), suggesting that binding

of K-RAS4B G12V to Cmpd2 may stabilize the complex on the

surface of the bilayer.

Since our CSP data suggested an interaction between lipid

head groups and Cmpd2, we examined how the lipid composi-

tion may affect Cmpd2 interactions with the bilayer. In the

absence of DOPS, Cmpd2 induced larger CSPs on the acyl

chains (alkene protons [AP], methyl protons [MP], andmethylene

protons [MEP]) of 100% DOPC nanodiscs (Figure 6B), suggest-
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ing that interactions with PS head groups

may restrain Cmpd2 at the bilayer sur-

face. C6ME (cLogP: 3.0) induced similar

CSPs on the lipid acyl chain protons

(MP, AP, and MEP), although it had less

effect on the DOPC head group (TMP)

relative to Cmpd2 (Figure 6B), indicating

that this analog retains interaction with

the bilayer and implicating its failure to

bind K-RAS for its weak inhibitory effect

in the coupled assay. Taken together,

these data highlighted the importance of

lipid composition and compound struc-

ture for maintaining compounds at the

bilayer surface.
Structural models of a tripartite complex between Cmpd2-

bound K-RAS4B G12V in association with a lipid bilayer were

generated by HADDOCK based on the distance restraints

derived from PRE data obtained from the membrane-bound

state (Table S1, right panel), NOEs between K-RAS4B and

Cmpd2 in solution (Table S6), and CSPs induced by the interac-

tions between compounds/fragments and lipids (Figure 6), as

described above and summarized in Table S4. When probes

exhibiting medium and strong PRE (I*/Io < 0.6, Figure 1) were

used as restraints (Figures 4A and S2B), the exposed orienta-

tions were predominant in the absence of Cmpd2 (71% of

HADDOCK solutions) (Figure 2A), whereas the presence of

Cmpd2 increased the population of the occluded cluster sub-

stantially from 6.5% to 52% (Figure 4C). To assess the impact

of the PRE threshold chosen to define distance restraints in

HADDOCK, additional models were generated using higher
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Figure 7. Cmpd2 Stabilizes an Occluded State of K-RAS4B G12V

that Is Incompatible with RAF RBD Binding

(A) HADDOCK structural models of nanodisc-tethered K-RAS4B G12V in

complex with Cmpd2. In these models, Cmpd2 can bind the exposed or semi-

exposed (SE) states, promoting a shift toward the occluded (O1) orientation.

The hydrophobic piperidine-chlorobenzyl rings are then released from

K-RAS4B as they insert into the lipid bilayer (O2). Cmpd2 partitions strongly

into the lipid bilayer with the K-RAS4B-binding indole moiety at the surface,

which increases its local effective concentration, favoring K-RAS4B binding.

Insets: details of Cmpd2 interactions with K-RAS4B and lipids (head groups,

red; glycerol moiety, cyan) in O1 and O2 orientations.

(B) Mapping Cmpd2, effector protein and membrane binding sites in occluded

orientation. Structure of KRAS GTPase domain (green) in complex with ARAF

RBD (cyan ribbon) with Cmpd2 (orange) docked. KRAS residues that contact

the membrane surface in the O1 orientation are colored gray and regions of the

RBD that would cause steric clashes with the membrane in this orientation are

colored black.

(C) Cmpd2 impairs nanodisc-tethered K-RAS4B G12V interaction with BRAF-

RBD. Kd values were determined by BLI experiments in which BRAF-RBD was

immobilized on the biosensor and nanodisc-tethered K-RAS4B-GMPPNPwas

in solution with increasing concentrations of Cmpd2. K-RAS4B-GDPwas used

as a reference and the small non-specific response was subtracted. Error bars

represent SD of three independent experiments.

See also Figure S4 and Table S4.
and lower PRE thresholds (I*/Io <0.5 or <0.7) (as shown in Figures

1A and 1B). In all cases the HADDOCK models (Figures S6A–

S6D) unequivocally exhibit an increase in the population of the

occluded orientation induced by Cmpd2. Inspection of the

generated models shows that the indole ring of Cmpd2, which

is well defined with several NOE restraints to the protein, bridges

K-RAS4B G12V and the surface of the bilayer (Figures S4A and

7A). When restraints based on NOEs observed in solution

between the piperidine/chlorobenzyl rings and switch I/a2 of

K-RAS4B are included in the HADDOCK model, these rings

further bridge K-RAS4B and the bilayer surface, stabilizing the

occluded state (Figure 7A, O1 orientation). The spatial locations

of these rings in this tripartite complex could not be precisely

determined due to broadening of their resonances; however,

we postulate that they may detach from K-RAS4B switch I/a2

and insert into the bilayer driven by interactions between the

partially positively charged (d+) piperidine and the negatively

charged lipid phosphate groups, as well as between the hydro-

phobic chlorobenzyl rings and the glycerol/fatty acid tails,

respectively (Figure 6A), thus anchoring the occluded state of

K-RAS4B (Figure 7AO2 orientation). Themodels further revealed

that the K-RAS4B/membrane interface stabilized by Cmpd2 is

composed of K5, R41, L52, Q70, and R73 from b1-3 and a2,

which further decorate the hydrophobic indole-binding site

with positively charged amino acids, all together enhancing the

occlusion of the binding site for RBDs by the membrane

(Figure 7B).

Cmpd2 Impairs the K-RAS4B Interactionwith the RBD of
RAF on Bilayers
Notably, there is no direct steric clash between Cmpd2 bound to

K-RAS4B and RBDs in isolation without membranes (Figure 7B,

PDB: 2MSE). To determine whether Cmpd2 stabilization of the

occluded orientation of membrane-anchored K-RAS4B is suffi-

cient to prevent interactions with effector proteins, we performed

BLI experiments in which the RBD of BRAFwas immobilized on a

biosensor, and the binding of nanodisc-tethered K-RAS4B was

assessed in the presence of increasing Cmpd2 concentrations.

The addition of Cmpd2 lowered the affinity of RBD to

K-RAS4B in a dose-dependent manner up to 3-fold at 62 mM

(Figure 7C), indicating that it inhibits effector binding when

K-RAS4B G12V is bound to membranes. However, Cmpd2 did

not impact RBD binding to soluble KRAS, demonstrating that

this effect is dependent on the presence of a bilayer. The extent

to which Cmpd2 inhibited RBD binding is not sufficient to fully

explain its potency in the inhibition of KRAS-mediated activation

of full-length RAF kinase activity (IC50 < 1 mM). Activation of RAF

by RAS is complex, and while the structural details are not fully

understood, RAS binding to the RBD disrupts auto-inhibitory

interactions between the RBD and cysteine-rich domain (CRD)

and the kinase domain. This enables association of the CRD

with PS in the membrane and dimerization of the kinase domain,

which stabilizes the active conformation of the catalytic site (Lav-

oie and Therrien, 2015). This sensitive multi-step process can be

disrupted by mechanisms other than blocking RAS binding, for

example, themonobody ‘‘NS1’’ impairs the ability of RAS to acti-

vate RAF by preventing RAS dimerization and nanoclustering

(Spencer-Smith et al., 2017). By binding to KRAS and altering

its orientation on the membrane, Cmpd2 may interfere with the
Cell Chemical Biology 25, 1327–1336, November 15, 2018 1333



RAS-mediated assembly of an active RAF dimer. The mode of

Cmpd2 binding defined here provides a foundation for further

investigation.

While the aforementioned binding site of Cmpd2 on

K-RAS4B coincides with the site previously described for the

lead compounds DCAI and Cmpd13 (Maurer et al., 2012; Sun

et al., 2012), these compounds were reported to inhibit the

activation of RAS by the guanine nucleotide exchange factor

(GEF) SOS (Maurer et al., 2012; Sun et al., 2012), rather than

interfere with activation of BRAF. The latter may be a more

favorable mechanism of action, since oncogenic RAS mutants

with impaired GTP hydrolysis and/or rapid intrinsic nucleotide

exchange exist in a highly activated, GTP-bound state, even

in the absence of GEF activity (Schubbert et al., 2007; Vigil

et al., 2010). Our study strongly argues that Cmpd2 acts like

a molecular glue between K-RAS4B G12V and the membrane:

a tripartite interaction between K-RAS4B G12V, lipid bilayers,

and Cmpd2 reduces KRAS binding to effector proteins by

stabilizing an orientation in which the effector-binding site is

not accessible (Figure 7B). Under conditions in which

Cmpd-2 cannot fully prevent RAF from binding to KRAS,

Cmpd2 may still hinder the ability of KRAS to promote assem-

bly of an activated RAF dimer. While Cmpd2, like all other

non-covalent RAS inhibitors reported to date, has modest

affinity for KRAS in solution, its unique mechanism of action

enhances its IC50 by orders of magnitude when K-RAS4B is

associated with a bilayer, which is a requirement for signaling

in vivo (Jansen et al., 2017).

While the PRE data clearly demonstrate that the K-RAS4B

conformational state on a lipid bilayer markedly shifts toward

the auto-inhibited occluded state (O2 in Figure 7A), K-RAS4B

remains in dynamic equilibrium with other states including the

SE and exposed states (E1-E3). This is consistent with the effec-

tive rotational correlation time (tc) measurements (Lee et al.,

2006) of 15N-labeled K-RAS4B (Figures S7A and S7B), which

indicates that addition of Cmpd2 resulted in only a marginal in-

crease in the tc value (40.5 ns in the presence of Cmpd2 versus

39.6 ns in the absence of Cmpd2). Free K-RAS4B and K-RAS4B

rigidly associated with the >100-kDa nanodisc complex would

have predicted tc values of <20 and >60 ns, respectively, thus

the intermediate tc value (39.6 ns) of K-RAS4B tethered to nano-

discs indicates that the K-RAS4B GTPase domain interaction

with membrane is very dynamic. The marginal increase in the

tc value by Cmpd2 indicates that this interaction remains tran-

sient and dynamic in the presence of Cmpd2. Compared to

free K-RAS4B, the addition of Cmpd2 to GMPPNP-bound

K-RAS4B G12V (1–185) on nanodiscs induced substantial

peak broadening and minor CSPs (Figures S7C and S7D). We

speculate that the population of K-RAS4B transiently bound to

Cmpd2 at the surface of the nanodisc may be undetectable

because of its reduced rate of tumbling and an intermediate to

fast rate of exchange with other states of KRAS on the bilayer.

It is remarkable to note that, even in such a dynamic system,

PRE is extremely sensitive to changes in protein conformational

equilibrium, providing valuable insights into the mechanism for

the enhanced efficacy of Cmpd2 against the membrane-associ-

ated form of K-RAS4B. On the other hand, because the PRE

effect becomes insignificant beyond 25 Å (Gottstein et al.,

2012), conformers that are not in proximity to the membrane
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are not observable by PRE, thus other methods are needed to

characterize these species.

The potent IC50 of Cmpd2 observed in cell-based assays may

involve enrichment of Cmpd2 on the bilayer surface, which

would increase its local concentration and drive saturation of

K-RAS. Partitioning into the membrane is proposed to be impor-

tant for many drugs that target membrane-associated proteins

(Mayne et al., 2016), including general anesthetics, which bind

with low affinity to a lipid bilayer-accessible cavity of pentameric

ligand-gated ion channels (Nury et al., 2011). A better under-

standing of this complex will set the stage for optimizing the

structure-activity relationship of Cmpd2 as well as development

of novel compounds that exploit targeting the RAS/membrane

interface for effective RAS inhibition. The NMR-based approach

presented here offers a unique conformational assay for inhibitor

screening, which is extremely sensitive to small molecules that

can target the molecular interface between K-RAS4B and lipid

bilayers.

SIGNIFICANCE

The KRAS gene is frequently mutated in human cancers,

including most pancreatic, one in three colon, and one in

six lung tumors, which represent three of the five leading

causes of cancer deaths worldwide. Mutant KRAS has

long been recognized as a driver of oncogenic processes

in these cells; however, the hyper-activated mutant protein

is a challenging target, due to a lack of classical ‘‘druggable’’

pockets. Aside from covalent inhibitors of an infrequent

G12C mutant, all reported lead compounds suffer from low

affinity, and no KRAS inhibitors have progressed to the

clinic. Because KRAS oncogenic signaling requires prenyla-

tion and association with the cellular membrane, we postu-

lated that the KRAS:membrane interface would be an attrac-

tive target for drug discovery. In this study, we revealed a

unique mechanism of action by which the small molecule

Cmpd2 blocks K-RAS4B signaling by simultaneously

engaging both a shallow pocket on K-RAS4B and the lipid

bilayer. Cmpd2 thereby stabilizes K-RAS4B in an orientation

on the membrane in which its effector-binding site is

occluded, which impairs interaction with and activation of

RAF kinase. Further, partitioning of Cmpd2 onto the bilayer

surface may promote binding to KRAS, and contribute to

enhancing its IC50 by orders of magnitude for K-RAS4B in

the presence of membranes, relative to its modest affinity

for KRAS in solution. This approach of targeting a protein-

membrane interface for inhibitor development sets the

stage for exploiting this mechanism of action for develop-

ment of novel inhibitors of KRAS, other RAS isoforms and

related small GTPases, as well as other membrane-associ-

ated proteins.
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HADDOCK Bonvin lab http://www.bonvinlab.org/

software/haddock2.2/

Pymol PyMOL Molecular Graphics

System, Schrödinger, LLC

https://pymol.org/2/

NMRFAM Sparky Lee et al., 2015 https://www.cgl.ucsf.edu/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mitsu
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Development and Commercialization Office. Compounds require a material transfer agreement from Novartis Institutes for

BioMedical Research.

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Bacterial Strain and Culture Conditions
Expression of proteins used for biophysical studies and assays was performed in E. coli BL21 codon plus (DE3). Cells were grown at

37�C in Luria-Bertani (LB) broth.When optical density at 600 nm reached 0.6–0.7, protein expression was inducedwith the addition of

0.5 mM IPTG and cells were incubated for 16–18 h at 15�C before harvest.

METHOD DETAILS

Protein Preparation
Human K-RAS4B (residues 1-185, bearing a C118S mutation) and the G12V, G12V T74W mutant were expressed as His-tagged

proteins in Escherichia coli (BL21 DE3 Codon+) from the pET28a vector as described previously (Mazhab-Jafari et al., 2015).

BRAF RBD (residues 150-233) was expressed as a GST fusion from pGEX4T2 as described by Smith and Ikura (2014). Bacteria

were grown either in lysogeny broth (LB) or minimal M9 media supplemented with 15NH4Cl or methyl-13C; 3,3-D2 a-ketobutyrate

(CIL, CDLM-7318) and 3-methyl-13C; 3,4,4,4-D4 a-ketoisovalerate (CIL, CDLM-7317) to label amides or Ile, Leu and Val methyl

groups, respectively. Protein expression was induced with 0.25 mM isopropyl-1-thio-b-D-galacto-pyranoside (IPTG) at 15�C
overnight. Proteins were purified using Ni-NTA or Glutathione Sepharose resin, and His tags were removed by thrombin. The

thrombin-cleaved proteins were further purified by size exclusion chromatography using a Superdex-75 column (GE Healthcare).

Purified K-RAS4B was then loaded with GMPPNP in the presence of EDTA and Calf intestinal alkaline phosphatase (CIP), which

were removed along with the excess nucleotide by passage through a Superdex-75 column (GE Healthcare). Membrane scaffold

protein 1D1 (MSP1D1) was prepared as described previously (Kobashigawa et al., 2011; Mazhab-Jafari et al., 2015).

Preparation of Nanodisc-Tethered K-RAS4B
All lipids were purchased from Avanti Polar Lipids and were mixed in chloroform solutions, then air-dried with nitrogen flow and

re-solubilized with cholate in aqueous buffer (20mM HEPES pH 7.4, 100mM NaCl and 100mM sodium cholate). Nanodiscs were

prepared using 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and

the thiol-reactive lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl) cyclohexane-carboxamide]

(PE-MCC) in a molar ratio of 15:4:1. For PRE experiments, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N diethylenetriamine-

pentaacetic acid [gadolinium salt; PE-DTPA (Gd3+)] was added to the lipid mixture to a final molar ratio of 2.5% of the total lipids.

Nanodiscs were assembled by mixing MSP1D1 with solubilized lipids at a 1:40 ratio followed by removal of sodium cholate from

the mixture with Bio-beads SM-2 (Bio-Rad). Assembled nanodiscs were then purified via a Superdex-200 size exclusion column

(GE Healthcare). K-RAS4B was then covalently linked to PE-MCC in preassembled, purified nanodiscs as described previously

(Mazhab-Jafari et al., 2015), and this complex was purified on a Superdex-200 column. The average number of K-RAS4B molecules

tethered to the nanodiscs was estimated based on the ratio of K-RAS4B to MSP1D1 in SDS-PAGE.

NMR Spectroscopy
NMRdatawere acquired at 25�Con 600 and 800MHzBruker AVANCE II spectrometers equippedwith 5mmTCICryoProbes. Protein

samples were prepared in a sample buffer containing 20mMHEPES (pH 7.4), 100mMNaCl, 5mMMgCl2, 2mMTris(2-carboxyethyl)

phosphine hydrochloride (TCEP) at protein concentrations of 0.2mM. Cmpd2 was added to nanodisc-tethered K-RAS4B at a ratio of
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5:1 in CSP experiments, PRE experiments and one-dimensional proton NMR experiments. 1H-13C Heteronuclear multiple quantum

correlation (HMQC) and 1H-15N transverse relaxation optimized spectroscopy (TROSY) spectra were collected with 16 and 64 scans,

respectively, for nanodisc-tethered K-RAS4B and nanodisc-tethered K-RAS4B:Cmpd2 complexes. 1H-15N heteronuclear single

quantum coherence (HSQC) spectra with 8 scans and one-dimensional proton NMR spectra with 128 scans were used for chemical

shift perturbation experiments. Protein-ligand intermolecular NOEs were obtained from NOESY spectra collected from a 0.4 mM

sample of GDP-bound KRAS (1-169) in presence of 1 mM Cmpd2, using assignments from (Gossert et al., 2011). 2D F1-edited,

F2-filtered double-half filter experiments were used with a mixing time of 200 ms and 24 h of recording time (Breeze, 2000; Zwahlen

et al., 1997). Additional ligand-protein NOEs were extracted from the ligand plane of an all-in-one NOESY experiment with 120 ms

mixing time recorded in 60 h. In order to resolve ambiguities in NOE assignments, a high-resolution spectrum was recorded on a

specifically ILVM 13C-methyl labeled sample (Goto et al., 1999). K-RAS4B isoleucine-Cdmethyls were assigned in our previous study

(Mazhab-Jafari et al., 2015), and valine-Cg and leucine-Cd methyl resonances were assigned based on the assignment of T35S

H-RAS-GMPPNP [Biological Magnetic Resonance Bank (BMRB) code 17610]. K-RAS4B backbone amide assignments were trans-

ferred from K-RAS-GMPPNP [BMRB code 17785]. NMR spectra were processed with NMRPipe(Delaglio et al., 1995) (www.ibbr.

umd.edu/nmrpipe) and analyzed with Sparky (Lee et al., 2015)(https://www.cgl.ucsf.edu/home/sparky/). For PRE measurements,

the intensities of resonances from K-RAS4B attached to PE-DTPA (Gd3+)-containing nanodiscs (I*) and those of a control sample

lacking PE-DTPA (Gd3+) (Io) were measured by Gaussian line fitting, and the ratio (I*/Io) was calculated. Small differences in the con-

centrations of PRE and control samples were corrected by normalization of the calculated intensity ratios using the highest 5%

observed I*/Io values.

Measurement of Rotational Correlation Time
The [15N, 1H]-TRACT pulse sequence (Lee et al., 2006) was used to determine rotational correlation time (tc) of nanodisc-tethered
15N KRAS-GMPPNP at a concentration of 0.2 mM, with or without addition of 1 mM Cmpd2. Relaxation data were recorded on

an 800 MHz Bruker spectrometer with variable relaxation delays (2, 4, 8, 12, 16, 24, 32, 40, 48, 64, 80, 96, 112, 128, 144, and

176 ms). The tc value was calculated with the parameters q=17�, rHN=1.02 Å and DdN= 160 ppm as described by (Lee et al.,

2006). The tc was calculated from the difference of the relaxation rates of the a and b states (Ra and Rb), which were derived from

fitting the integrals of amide protons between 8.2 and 9.5 ppm to single exponential decay curves. The 8.2-9.5 ppm spectral region

was chosen to select amide proton resonances from structured regions and reduce the impact of flexible residues on measured tc.

The calculated tc represents the lower limit of tc due to a rigid body assumption.

BLI Assays
Bio-Layer Interferometry (BLI) assays were performed using an Octet RED384 instrument (ForteBio) to measure the affinity of inter-

actions between BRAF-RBD and nanodisc-tethered K-RAS4B. A GST fusion protein of BRAF-RBD (GST-BRAF-RBD) was immobi-

lized on biosensors coated with an antibody recognizing GST and the association of nanodisc-conjugated K-RAS4B-GMPPNP was

measured at 25 degrees across a range of K-RAS4B concentrations (250, 125, 62.5, 31.3, 15.6, and 7.8 nM) for 400s in buffer

comprising 20 mM HEPES (pH 7.4), 100 mM NaCl, 5 mM MgCl2, 2 mM TCEP. The concentration of nanodisc-tethered K-RAS4B

was estimated based on the total protein concentration of the sample measured by Bradford and an estimated K-RAS4B:MSP ratio

of 1:2. Nanodisc-tethered K-RAS4B-GDP exhibited minimal binding and served as a reference sample to subtract non-specific

binding. Dissociation was monitored for 700s after transferring biosensors to sample buffer. The Kd values were calculated from

the concentration-dependent steady-state response curve.

Coupled Assay
The assay measuring inhibition of the K-RAS4B-mediated activation of BRAF was performed as described in (Jansen et al., 2017). In

brief, prenylated K-RAS4B-GTPgS (2 nM), biotinylated MEK (20 nM), ATP (10 uM) and full-length WT BRAF were combined with PS

liposomes (2 ug/ml). Reactions were stopped with 20mM EDTA and 0.003% Tween. AlphaScreen technology (PerkinElmer

#6760671) with an anti-phospho-MEK antibody (Cell Signaling #9121) was used to detect phosphorylation of MEK, which was

used as readout of BRAF activation. After an overnight incubation, samples were read for emission at 570 nm upon excitation of

the donor beads at 680 nm on an Envision 2101 instrument (PerkinElmer).

NOE-, CSP- and PRE- Guided Docking Simulation
All docking simulations were performed using High Ambiguity Driven biomolecular DOCKing (HADDOCK, version 2.2) software (van

Zundert et al., 2016).The starting structure of full-length K-RAS4B GMPPNP was derived from PDB: 4DST as previously described

(Mazhab-Jafari et al., 2015). The complex formed by K-RAS4B and Cmpd2 in solution was modeled in HADDOCK using restraints

derived from intermolecular NOEs (Table S6) and the small ligand docking protocols described in the HADDOCK2.2 manual.

A distance range of 1-4 Å was applied to all NOE-based distance restraints in HADDOCK. Due to the lack of protons in the

HADDOCK-derived structural model of K-RAS, the proton-proton NOEs were converted to distance restraints between the adjacent

carbon atoms of K-RAS4B and protons of the compound. The well-resolved NOEs involving surface-exposed KRAS residues were

classified as unambiguous restraints in HADDOCK (Table S6). In addition, on the basis of crystal structures of similar indole moieties

of Cmpd13 and DCAI docked to the switch I pocket, NOEs between the indole protons (H2, H3, H6 and H8) and the surface-exposed

atoms of the pocket residues (V7, L56 and T74) were made unambiguous. NOEs derived from Cmpd2 peaks that overlap were
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translated into ambiguous restraints that could involve either of the overlapping protons, (i.e., H2 or H3; H21 or H25; and H15 or H18).

The assignments of H6 and H8 could not be distinguished with certainty, thus NOEs involving these protons were also treated as

ambiguous restraints that could involve either proton (i.e., H6 or H8), however both are located within the indole. Overlapping

NOEs involving H2 and H3 in the indole and H21 and H25 in the chloro-benzyl ring were resolved by taking into account the

consistencies with localization of the indole to the switch I pocket, which is supported by several NOEs involving H6/H8, as well

as the crystal structures described above. MarvinSketch software and PRODRG server (Schuttelkopf and van Aalten, 2004) were

used to generate 2D and 3D structures of Cmpd2, respectively. The docking protocol comprised a 3,000 rigid-body docking stage

and the top 200 HADDOCK scored structures were further refined using semi-flexible simulated annealing, followed by water

refinement.

For themodel of K-RAS4B in complex with the nanodisc, distance restraints were generated between K-RAS4B atoms sensitive to

the PRE effect of PE-DTPA (Gd3+) and any lipid head group atom on the nanodisc surface. The K-RAS4B probes exhibiting

PRE-induced broadening beyond established thresholds were defined as PRE-sensitive probes (Table S1, left panel). Three different

PRE thresholds were chosen to assess the impact of the threshold value on the resulting HADDOCK models. The PRE-sensitive

probes were defined as ‘active’ residues in HADDOCK, and the adjacent N- and C-terminal residues were defined as ‘passive’

residues. Ambiguous distance restraints between PRE-sensitive probes and lipid head groups were assigned a range of 2-5 Å,

except a range of 0-2 Å was assigned for K-RAS4B C185 to reflect its covalent linkage to PE-MCC. Cluster analysis of HADDOCK

models was performed as previously described (Mazhab-Jafari et al., 2015), with an RMSD cutoff of 5 Å and a minimum cluster

population of 4. Clusters that exhibit similar orientations were combined. The HADDOCK scores of all 200 structures were plotted

against RMSD relative to the mean structure of the ‘exposed’ orientation cluster.

Models of Cmpd2 docked to nanodisc-tethered K-RAS4B were generated in two steps, whereby Cmpd2-bound K-RAS4B was

docked on the nanodisc surface, followed by partial insertion of Cmpd2 into the lipid bilayer. First, two-body docking simulations

were performed using NOE-derived models of the K-RAS4B:Cmpd2 complex and the nanodisc to model Cmpd2-bound

K-RAS4B interaction with the nanodisc surface based on PRE-based distance restraints listed in Table S1 (right panel). Then this

was refined based on 1-D NMR observations of Cmpd2 and its derivative compounds that indicate Cmpd2 partitions into the lipid

bilayer with the indole near the choline headgroups and the piperidine-chlorobenzyl rings inserted more deeply (Figures 6 and S5).

Initially, three-body (K-RAS4B, Cmpd2 and nanodisc) docking simulations were performed in which the restraints between the piper-

idine-chlorobenzyl rings of Cmpd2 and K-RAS4B based on NOEs observed in solution (i.e., in the absence of nanodiscs) were

removed such that K-RAS4B-bound Cmpd2 was not restricted from inserting into the bilayer. As a result, these rings were predicted

to spontaneously insert into the bilayer in �20% of the HADDOCK solutions. To further develop this ‘inserted’ model, three-body

docking simulations were repeated with the addition of CSP-based ambiguous restraints between the indole ring of Cmpd2 and

the choline/serine moieties of the lipid head groups, along with restraints between the piperidine-chlorobenzyl rings and the lipid tails

or glycerol moiety, inferred on the basis of severe broadening of the ring proton resonances by nanodiscs (Figure S5).

Compound Information
Synthesis of Cmpd2, 5-bromo-N-((2R,4S)-2-(4-chlorobenzyl)piperidin-4-yl)-1H-indole-3-carboxamide, is described in (Jansen et al.,

2017); Synthesis of C6ME, methyl 3-((((2S,4R)-2-benzylpiperidin-4-yl)amino)methyl)-1H-indole-6-carboxylate, was similar to that of

compound 3 from (Jansen et al., 2017). Synthesis of Ring2, N-((2R,4S)-2-(4-chlorobenzyl)piperidin-4-yl)acetamide, is described on

page 41 (part C) of WO 96/10562. Frag 2, 5-bromo-3-methyl-1H-indole, is commercially available (CAS Registry Number 10075-

48-6). The cLogP values of compounds were calculated from ALOGPS 2.1 (http://www.vcclab.org/lab/alogps/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Bar graphs display mean ± standard deviation. Statistical methods were not utilized in analysis of the significance of data in

this study.

DATA AND SOFTWARE AVAILABILITY

The coordinates, chemical shifts and distance restraints for the structures of nanodisc-tethered K-RAS4B without Cmpd2 (E3 state)

and with Cmpd2 (O1 and O2 states) reported in this paper have been deposited in the PDB under the accession numbers PDB:

6CCH, 6CC9, and 6CCX respectively.
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