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Abstract

The protein K-Ras functions as a molecular switch in signaling pathways regulating cell growth. In
the MAPK pathway, which is implicated in many cancers, multiple K-Ras proteins are thought to
assemble at the cell membrane with Ras-effector proteins from the Raf family. Here we propose an
atomistic structural model for such an assembly. Our starting point was an asymmetric, GTP-
mediated K-Ras dimer model, which we generated using unbiased molecular dynamics simulations
and verified with mutagenesis experiments. Adding further K-Ras monomers in a head-to-tail
fashion led to a compact helical assembly, a model we validated using electron microscopy and cell-
based experiments. This assembly stabilizes K-Ras in its active state and presents composite
interfaces to facilitate Raf binding. Guided by existing experimental data, we then positioned C-Raf,
the downstream kinase MEK1, and accessory proteins (Galectin-3 and 14-3-3c) on the helical
assembly. The resulting Ras-Raf signalosome model offers an explanation for a large body of data

on MAPK signaling.
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Introduction

The protein K-Ras is a crucial molecular switch in signaling pathways that regulate cell proliferation,
differentiation, and survival.! Gain-of-function mutations in three closely related members of the Ras
family, K-Ras, H-Ras, and N-Ras, are found in approximately 25% of all human cancers, with
mutations in K-Ras being particularly common.? In many cases, oncogenic mutations in Ras are
associated with hyperactivation of the mitogen-activated protein kinase (MAPK) signaling pathway.>
Dysregulation of the MAPK pathway has also been implicated in a host of hyperproliferative
developmental disorders termed RASopathies.* Inhibiting oncogenic or aberrant Ras is thus of great

t.5’6

clinical interes Our structural understanding of how K-Ras activates downstream MAPK

signaling, however, has been incomplete.

Ras is active when GTP-bound and inactive when GDP-bound; conversions between these states are
catalyzed by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs),
respectively.” Active and inactive Ras conformations differ primarily at the so-called “switch”
regions involved in effector binding.®® Despite some early evidence that Ras can form oligomers, !
activated Ras has long been thought to act in MAPK signaling as a monomeric membrane anchor for
C-Raf or other effectors from the Raf kinase family (Ras itself being anchored to the plasma
membrane by its lipidated C-terminal tail). A growing body of data now indicates that Ras proteins

11-14

dimerize, that their dimerization may depend on GTP binding,'* and that Ras dimerization may

be critical for Raf activation.!®"!”

A significant fraction of membrane-bound, GTP-bound Ras proteins have been found to organize into
relatively immobile so-called “nanoclusters,” each with about eight members and a radius of

~100 A 202! Ras dimerization appears to be crucial to nanocluster formation,'® and it is possible that

nanoclusters comprise networks of loosely interacting, lower-order Ras structures (such as monomers
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and dimers); structurally well-defined, higher-order oligomers; or a mixture of both. It is known that
Galectin-3 (Gal-3) is crucial for K-Ras nanoclustering and signaling,?? as is Galectin-1 (Gal-1) for
H-Ras.?® Raf kinases co-localize with nanoclustered Ras proteins; it has been shown that such co-

localized effectors generate the majority of the downstream MAPK signal,?!-?*

and that Ras activity
can be suppressed by proteins that disrupt this clustering.'®?° Structural information about
nanoclusters is sparse, however, because they are difficult to reconstitute in vitro and the resolution of

cellular imaging is limited.

In the work reported here, we used unbiased molecular dynamics (MD) simulations to inform the
construction of an atomistic structural model of a K-Ras nanocluster. We term our proposed
structure a Ras-Raf signalosome because it is a higher-order hetero-oligomer (containing multiple
monomers of K-Ras, C-Raf, Gal-3, and other proteins) with well-defined structural features and is
reminiscent of “signalosomes” that underlie the activities of other signaling systems.?® We first
generated a GTP-mediated asymmetric dimer model by directly simulating the association of two
K-Ras monomers; subsequent mutagenesis experiments strongly supported this model. The
asymmetric dimer model was then extended to a higher-order oligomer model by adding monomers
in a head-to-tail fashion, resulting in a compact helical K-Ras assembly. This assembly promotes the
stability and accessibility of active K-Ras and creates composite interfaces that facilitate Raf binding.
Guided by existing experimental data and further simulations, we then positioned C-Raf dimers, the
downstream kinase MEK 1, and the accessory proteins Gal-3 and 14-3-3c around the K-Ras core.
Our Ras-Raf signalosome model, which synthesizes a large body of data on the MAPK pathway, may
extend to other Ras and Raf isoforms and provides a structural framework to inform further

investigations of MAPK signaling.
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Results

We first summarize key structural features of our Ras-Raf signalosome model for convenience before

detailing its construction and resulting findings.

An overview of the Ras-Raf signalosome model

In brief, we obtained our Ras-Raf signalosome model by proposing a GTP-mediated asymmetric
K-Ras dimer model (Figure 1A), extending it to a K-Ras helical assembly (Figure 1B), and adding
further components. The final model is anchored to the plasma membrane, and the Ras-binding
domains (RBDs) and cysteine-rich domains (CRDs) of C-Raf, along with Gal-3, interact directly with
the K-Ras helical assembly (Figure 1C), essentially covering the outside of the assembly.
Unstructured linkers connect the CRDs of C-Raf proteins to their kinase domains, which are
dimerized and located at the periphery of the structure (Figures 1D and 1E), in complex with MEK 1
kinases and 14-3-3 dimers (Figure 1F). Although the signalosome is structurally open-ended, making
a range of signalosome sizes possible, we anticipate this size range will be constrained by GAP and
GEF regulation at the cell membrane. In this report we mostly focus on an 8-protomer signalosome
as an example system. The signalosome (Movie S1 and Figures 1D and S1A; atomic coordinates in
Dataset S1) produces a millimolar local concentration of C-Raf (see SI), which would be sufficient to
ensure the dimerization-dependent activation of C-Raf.?” The model incorporates seven previously
resolved single- or double-domain structures of the constituent proteins (Figure 1G). The following
sections describe in greater detail our construction of this signalosome model, which was informed by
existing experimental data, new experiments conducted as part of the current study, and previous

experience with MD simulations of protein-protein and protein—small molecule association.?%-3°
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A GTP-mediated asymmetric K-Ras dimer favors the active state

We first performed 20 simulations (680 ps total simulation time) of two GTP-bound K-Ras proteins
(PDB 4DSN) in aqueous solvent (Figure S2A, left). In one simulation, the two K-Ras proteins
formed stable interactions mediated in part by a bound GTP (Movie S2). This model is compelling
because it provides a direct explanation for the GTP-dependence of K-Ras dimerization.'> Hereafter

we will refer to this model as the GTP-mediated asymmetric (GMA) dimer model.

Because K-Ras dimerization occurs at the membrane, we then performed 23 simulations (363 ps total
simulation time) of two GTP-bound K-Ras proteins anchored to the membrane by their farnesylated
Cys185 (fCys185) residues®! (Figure S2A, right). In one of these membrane simulations (Figure 2A
and Movie S3), the K-Ras proteins also formed the GMA dimer; the structure is virtually identical to
that obtained from the solvent simulations (Figure 2B, upper panel). The GMA dimer (atomic
coordinates in Dataset S2) remained stable for nearly 100 ps in both the solvent and membrane
simulations (Figure 2B). We note that, because the timescale of the individual simulations (tens of
microseconds) of K-Ras dimerization is smaller than the typical timescale of protein-protein
association and dissociation, it is to be expected that most such simulations will not reach the native
dimer structure (Figure S2A), and that taken together these simulations will not yield the correct

Boltzmann weight of the K-Ras dimer (see SI).

At the GMA dimer interface, a key interaction occurs between the GTP y-phosphate of one K-Ras
protein and Argl35 or Lys128 of the other (Figures 2B, 2C, and S2B). Hereafter we will refer to the
former K-Ras protein as the GTP-donor (or more briefly, the donor) and the latter as the GTP-
acceptor (or simply the acceptor). Unlike the so-called “arginine finger” interaction between Ras and

GAP, whereby an arginine mediates electron transfer from the y-phosphate to the B-phosphate®? and
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catalyzes GTP hydrolysis,** the GMA dimer model has Argl135 or Lys128 interacting only with the

y-phosphate (Figure 2C), hindering electron transfer and thus GTP hydrolysis.

The GMA dimer interface has a buried surface area of ~1750 A2, and pronounced electrostatic
complementarity (Figure S2H). The donor interface involves parts of the switch I region and the f4-
a3, B5-04, and B6-a5 loops. The acceptor interface primarily involves the a4 and a5 helices and the
B6 strand (Figure 2D), and largely overlaps with the interface for NS1 (Figure S2G), a synthetic
protein that disrupts Ras dimerization.!® The GMA dimer is consistent with existing nuclear
magnetic resonance (NMR) spectroscopy data: Residues that exhibited broadening of ’'N-HSQC
spectra upon sample dilution'® are predominantly located at the dimer interface (Figure 2E; see SI for
further discussion). The interface is mostly polar (Figure S2C), with several salt bridges (e.g.,
Asp154-Lys147, Argl61-Asp30/Glu31, and Glu62-Lys128/Argl35) at its periphery (Figures 3A and
3B). In our simulations, Argl35 interacted with the GTP if Lys128 interacted with Glu62, and vice

versa (Figure S2B).

The GMA dimer stabilizes the active state of K-Ras

The GMA dimer may promote RBD binding by stabilizing the active Ras conformation and favoring
membrane orientations that accommodate the RBD. It has been shown that GTP binding favors the
active conformation*® but does not fully stabilize it.”*>3® In our simulations, although the switch I
region visited the active conformation with greater frequency in a GTP-bound K-Ras monomer than
in a GDP-bound one (Figure S3A), the inactive conformation was prevalent in both (Figures S3B and
S3C). In contrast, in simulations of the GMA dimer, the switch I region of the donor (but not that of

the acceptor) was largely stabilized in active-like conformations (Figures 2F and S3A).
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Our GMA dimer model also constrains the membrane orientation of K-Ras in a way that is consistent
with prior NMR data* and compatible with RBD binding. In the GMA dimer formed on the

membrane (Figure 1A), the donor is in the so-called “o orientation,”>’

and the acceptor is in a similar
orientation (Figure 2G). In H-Ras, the f2-3 strands and a5 helix form a switch region regulating
membrane interactions;*° for both proteins in the GMA dimer, this switch region contacts the
membrane. Both the donor and acceptor orientations are compatible with RBD binding (Figure S2E).

This contrasts with monomeric K-Ras, which mostly adopted the § membrane orientation that

occludes RBD binding (Figures 2G and S2D).

Most oncogenic mutations are compatible with the GMA dimer

The most common cancer mutations occur at residues 12, 13, and 61; the former two residues are at
the donor interface of the GMA dimer, and the latter one is immediately adjacent to it (Figure 3C).
We simulated G12V, G12D, G12C, G13C, G13S, Q61L, and Q61R GMA dimers, and found that the
dimers remained stable in 50-pus simulations (Figures 3D and S2I), likely because the largely polar
interactions at the GMA dimer interface (which is partially hydrated) can sterically accommodate the
mutations. (G13R and G13D behave differently in our simulations, disrupting the GMA dimer
(Figure S2I), possibly because they are bulky and more centrally located in the interface (see SI).) To
experimentally test the ability of K-Ras assemblies (which result in close proximity of the N termini
of K-Ras proteins) to form in the presence of such mutations, we performed bioluminescence
resonance energy transfer (BRET) using K-Ras fused with reporter molecules. The BRET
experiment showed that indeed, to similar degrees, the wild type and the G12C, G12V, and G12D

mutants in cells form assemblies under various fetal bovine serum (FBS) concentrations (Figure 3E).
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Experimental validation of the GMA dimer model

A so-called “K-Ras"/K-RASMY™ inducible system—wherein cell lines generated from Ras-less
mouse embryonic fibroblasts (MEFs)*! are dependent on exogenous K-Ras expression for
proliferation—has been reported in a previous study,'® along with a cell-based fluorescence
resonance energy transfer (FRET) platform, to probe K-Ras/K-Ras interactions. In both experiments,
K-Ras signaling is constitutive with introduction of oncogenic K-Ras mutations such as G12D or
G12C. Because G12D and G12C mutations are compatible with the dimer (Figures 3D and 3E), we
decided to use these two systems to test the GMA dimer. In the previous study, K-Ras'*/K-RAS!¢
or K-Ras'”/K-RAS?P lines were used to show that D154Q and R161E mutations in the background
of either G12C or G12D impair cell fitness by disrupting K-Ras/K-Ras interactions. Although the
dimer model proposed in that study differs from the GMA dimer, the GMA dimer model is also
consistent with those findings, because Asp154 and Argl61 are involved in key salt bridges at the
GMA dimer interface (Figure 3A).

To further validate the GMA dimer model, we have used the MEF and FRET systems to test residues
(Asp30, Glu31, Glu62, and Lys147) involved in salt bridges at the GMA dimer interface (Figures 3A
and 3B). We found that the mutations D30R, E31R, E62R, and K147D each impaired cell growth
(Figures 3F and S4B) and reduced phosphorylation of ERK kinase, which is downstream of K-Ras in
the MAPK pathway (Figures 3G and S4C). The mutations also disrupted the FRET signal of
K-Ras/K-Ras interactions (Figures 3H and S5A). We further found that a D154Q/K147D double
mutation, which was predicted to restore the interaction, indeed recovered the FRET signal (Figures
3H and S5A). FRET analysis also showed that mutations known to disrupt the active conformation
of Ras, such as T35A, T35S,%” and G60A,** also disrupted K-Ras/K-Ras interactions (Figures S5B
and S5C), supporting the connection between GMA dimerization and the active conformation. We

also mutated Argl35 at the GMA dimer interface, but the effects of R135A on dimerization were
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masked by the raised K-Ras nucleotide exchange rate caused by this mutation (Figures S5D and
SSE).

Extrapolation of the GMA K-Ras dimer into a K-Ras helical assembly

Adding K-Ras proteins to the GMA dimer in a head-to-tail fashion extends it into a left-handed
helical assembly, which is highly compact and yet does not exhibit any steric clashes (Figure 1B). In
this assembly, each K-Ras protein serves as both a donor and an acceptor (with the exception of the
“head” serving only as a donor and the “tail” only as an acceptor). For convenience, we number the
K-Ras proteins in the assembly from 1 to # starting from the head (and incrementing by one from a
donor to its acceptor). The helical assembly consists of four K-Ras proteins per turn and has a radius
of ~50 A and a pitch of ~40 A, with virtually no unoccupied space between turns or in the center.
We placed the K-Ras assembly on the membrane, with the axis of the helical assembly at a ~60°
angle to the membrane surface (Figure 1B, left) to maximize contact between the base tier and the
membrane. K-Ras 1 to 4 are in contact with the membrane through the f2-B3 strands and the a5
helix. We refer the tier comprising K-Ras 1 to 4 as the base tier, and the four highest-numbered K-
Ras proteins as the top tier. Except for the K-Ras proteins of the base and the top tiers, all K-Ras
proteins in the helical assembly have essentially identical interactions with their neighboring K-Ras
proteins. The helical assembly can grow in a straight tower shape, but we note that the base tier

alone, without further assembly, is stable on the membrane in our simulations (Figure S31).

We conjectured that the K-Ras helical assembly could form the core of a Ras-Raf signalosome. In
the helical assembly, the entire RBD interface of each K-Ras protein is exposed and thus available for
Raf recruitment. Further, the C and N termini of the K-Ras proteins are positioned outward at the

surface of the assembly, leaving space for galectins to interact with the C-termini and for fluorescent

10
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proteins to fuse with the N termini. Such fusions have been used in electron microscopy experiments

on Ras-Raf nanoclusters.*?

A K-Ras protein at position # in our helical assembly model engages in multivalent interactions
(Figure 4A), making contact with up to six other K-Ras proteins: GTP-mediated primary interactions
with K-Ras n—1 and n+1, secondary (stacking) interactions with K-Ras n—4 and n+4 along the axis of
the helical assembly, and tertiary interactions with K-Ras #n—3 and n+3 (Figures 4C, S6A, and S6B).
Each secondary and tertiary interaction has a buried surface area of ~1450 A2 and ~660 A2, and five
and three salt bridges (Figures S6A and S6B), respectively; together these are larger than the
corresponding primary interaction (~1750 A?). All these interactions are asymmetric and

predominantly polar.

The secondary (stacking) interaction places the 2-3 hairpin of K-Ras n+4 into the so-called “switch
II pocket” of K-Ras n, which is exploited by covalent inhibitors of K-Ras G12C.* Crystallographic
data has shown that the switch II pocket can form without an occupying ligand (e.g., in PDB 4LDJ;
Figure S6E), and the secondary dimer structure of K-Ras n and K-Ras n+4 to a large degree
resembles a K-Ras dimer seen in crystal packing (e.g., in PDB SUQW; Figure S6F). The G12C
covalent inhibitors, by occupying the switch II pocket, are predicted to disrupt the stacking
interaction (see SI), but the GMA dimer of inhibitor-bound G12C remained stable in simulations
(Figure S2I). It is thus possible that the inhibitor binding is compatible with the GMA dimerization
of G12C.

Experimental validation of the helical assembly

To experimentally validate the K-Ras helical assembly, we first used negative-stain electron

microscopy (EM) to image K-Ras particles in a reconstituted system. In these experiments, full-

11
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length K-Ras proteins were tethered to a lipid monolayer by Cys185, forming a chemical bond with a
maleimide lipid. The K-Ras proteins were then applied to a grid, stained, and imaged (Figure SH).
To our knowledge, this is the first visualization of negatively stained Ras particles by electron
microscopy. The K-Ras particles form in a maleimide-lipid dependent manner (Figures SA-5D),
consistent with the notion that K-Ras assembly requires K-Ras membrane localization. Classification
of 73,282 visualized particles into 100 classes revealed a range of sizes (Figure SE). The
heterogeneity in particle shapes prevented reconstruction of the 3D structures. The size of the
particles, however, is consistent with our helical assembly model. Consistent with the MEF, FRET
(Figures 3F—3H), and BRET analysis (Figure 6D), the D154Q mutation disrupted particle formation
(Figure 5F). The particle formation was also disrupted by K88D (Figure 5G), a mutation that
disrupted the FRET and BRET signal of K-Ras assembly in cells (see Figures 6D and S5G). These

mutagenesis data suggest that the helical assemblies underlie the K-Ras particles we visualized.

We also evaluated mutations predicted to disrupt the K-Ras helical assembly using the MEF, BRET
and FRET systems. K88D, which was predicted to disrupt the secondary interface, and Q129L and
R149D, which were predicted to disrupt the tertiary K-Ras/K-Ras interface (Figure 6A), slowed
proliferation of the K-Ras dependent MEFs (Figures 6B and S4F) at low FBS and disrupted ERK
phosphorylation in the MAPK pathway (Figures 6C and S4E). K88D also disrupted the FRET signal
for K-Ras assembly, while Q129L and R149D did not (Figure S5G), possibly because the effect of
Q129L and R149D mutations is more subtle: The GMA dimers would still form despite Q129L and
R149D mutations, while K88D is located adjacent to the GMA dimer interface (although not part of
the interface itself) and has the potential to disrupt the GMA dimer in addition the larger assembly
(Figure 6A). To supplement the FRET experiment, we used BRET, which allows better
quantification because of its larger Forster radius, to test these three mutations on the background of
GI12D. The BRET data confirmed that K88D, Q129L, and R149D mutations disrupt K-Ras

assembly, and that their effect is weaker than D154Q at the GMA dimerization interface (Figure 6D).

12
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Although they are distal to the K-Ras interface with Raf, K88D, Q129L, and R149D mutations also
hindered K-Ras recruitment of C-Raf to the cell membrane (Figure 6E), suggesting that the K-Ras

assemblies play an important role in K-Ras/Raf interaction.

C-Raf forms multivalent interactions with the K-Ras helical assembly

Using a co-crystal structure of the C-Raf RBD and H-Ras (PDB 4GON)* as a template, we docked a
C-Raf RBD to each K-Ras of the helical assembly. The docked RBDs did not sterically clash with
any K-Ras proteins of the helical assembly, nor with one another. The RBD that primarily interacts
with K-Ras #n, which we refer to as RBD n, forms a secondary contact with K-Ras n+1 and a tertiary
contact with K-Ras n—3 (Figures 4B, S6C, and S6D). Together these secondary and tertiary Ras-
RBD interfaces (~660 A2 and ~550 A?, respectively, in buried surface area) are nearly as large as the
primary interface (~1600 A?), and may thus confer an advantage on the helical assembly over a K-
Ras monomer in terms of RBD binding. In turn, RBD binding may help stabilize the K-Ras

assembly.

The 52-residue zinc-coordinated Raf CRD also interacts with Ras*® and imparts specificity to Ras-
Raf binding.*’” Whereas the RBD binds to GTP-bound Ras with nanomolar affinity,*® CRD binding
is nucleotide-insensitive and weaker, with only micromolar affinity.** Informed by extensive
simulations of a CRD tethered to a structure of a K-Ras/RBD complex (see SI), we positioned the
CRD at the C terminus of the a5 helix and B strands of K-Ras (Figure 7A), with an interface of
~1400 A%, The CRD also contacts the switch II region of K-Ras (Figure S7F); this is consistent with
switch II mutations (G60A and Y64W) hindering the CRD binding of H-Ras.’® NMR and other
analyses have identified a set of CRD and Ras residues involved in the Ras-CRD interaction;*¢4%-1:52

these residues are either part of the modeled Ras-CRD interface or proximal to it (Figures S7F and

S7G). By our model, a CRD interacts with a K-Ras and an adjacent RBD with extensive electrostatic
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complementarity (Figure STH). We added a CRD to each K-Ras protein in the helical assembly. In
the base tier, both the RBDs and CRDs interact extensively with the membrane (Figure 7A), and
CRD residues Argl43, Lys144, and Lys148, interact extensively with POPS lipids (Figure S7I),

consistent with previous studies.

Gal-3 anchors the K-Ras helical assembly to the membrane and interacts with C-Raf

Although the mechanism of K-Ras membrane localization is commonly thought to be insertion of
fCys185, the C-terminal tails of the helical assembly (with the exception of those in the base tier) do
not contact the membrane, and thus their fCys185 residues would not readily be buried. Gal-3 can
directly interact with the lipidated C-terminal tail, acting as a cap on the farnesyl group of fCys185

223453 a5 is Gal-1 for H-Ras nanoclustering?*~%°7). Since

(and is essential for K-Ras nanoclustering,
Gal-3 associates with membrane lipids®® and has been suggested to act as a so-called “prenyl
receptor”™ to anchor K-Ras to the membrane, we considered a model in which all fCys185 residues,
including those in the base tier, interact with Gal-3 proteins, and Gal-3 proteins interact with and
localize the K-Ras assembly to the membrane. From unbiased MD simulations of ligand binding,®
we obtained a structural model of a farnesyl-bound Gal-3 (Figure S7D), in which the farnesyl is in a
previously predicted?? hydrophobic cavity (Figure 7B). To bind fCys185, Gal-3 must be located near

the K-Ras helical assembly, where limited space is available in the presence of C-Raf RBDs and

CRDs.

The position of Gal-3 in this space (see SI) is tightly constrained by several considerations. First, at
the base tier, the position of fCys185-bound Gal-3 proteins should allow the basic C-terminal tails to
contact the membrane. Secondly, Gal-1 has been reported to interact with the C-Raf RBD, and this
interface likely involves the RBD residue Asp117 and avoids the galectin carbohydrate-binding

site;® we assumed the same is true for Gal-3. Thirdly, both Gal-1%° and Gal-3%' dimerize, and they
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scaffold H-Ras® and K-Ras?>** nanoclustering, respectively. Finally, the Gal-3 dimerization

interface should be consistent with results from mutagenesis studies.®!

These considerations and extensive simulations (see SI) led us to a model in which Gal-3 n (the Gal-3
protein bound to the fCys185 residue of K-Ras 7) interacts with RBD n—1 (with a buried surface area
of ~1250 A?; Figures 7A and 7B), including the Asp117 residue (Figure S7A). Any pair of Gal-3 n
and n+4 in the model are stacked in parallel to the K-Ras stacking. The Gal-3 stacking, with an
interface of ~670 A2, is asymmetric, and the C-terminal tail of K-Ras n+4 is positioned near the
interface, contacting both Gal-3 proteins (Figure 7A and S7B). As in the GMA dimer, K-Ras
proteins in the base tier of the helical assembly adopt the a-like orientation, contacting the membrane
with their a5 helices and B2-B3 hairpins (Figure 7C), and Gal-3 proteins interact with the membrane
extensively (Figures 7A, S8A, and S8B), anchoring the K-Ras assembly. The C-Raf RBD and CRD
domains in the base tier also interact with the membrane (Figures 7A and S8C), potentially

contributing to the anchoring.

A fuzzy structure for a Ras-Raf signalosome arises from disordered C-Raf linkers

In C-Raf activation in the MAPK pathway, a 14-3-3 dimer acts as a scaffold that binds to and
stabilizes a C-Raf kinase domain dimer.%> C-Raf contains a loop C-terminal to the kinase domain that
is phosphorylated at Ser621 and binds to 14-3-3 in C-Raf activation. There are multiple proteins in
the 14-3-3 family; in the modeling, we incorporated 14-3-3c into the Ras-Raf signalosome. Each C-
Raf kinase domain also binds to and phosphorylates MEK kinase. As a step of modeling a Ras-Raf
signalosome that includes full-length C-Raf, 14-3-3c, and MEK 1 proteins, we separately modeled the
C-Raf kinase domain dimer complexed with a 14-3-3c¢ dimer and two MEK1 kinase domains

63-65

(Figures 1F) using crystal structures that were available at the time we were constructing the

model (Figure 1G) (see SI). The resulting model is overall highly consistent with cryo-EM structures
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of the 14-3-3 dimer in complex with a Raf kinase dimer (Figure S9A), which were later reported. ¢’
A C-Raf protein contains a ~200-residue long, unstructured linker between its CRD and kinase
domains. We modeled such linkers in order to connect the RBD and CRD domains to the kinase
domains. Starting from a fully extended conformation, we simulated a linker for a total of 53 ps and
obtained a diverse set of conformations with transient secondary structures (Figure SOE). We grafted
a linker in a simulation-generated conformation onto each CRD in the model, then grafted onto each
linker pair a C-Raf kinase domain dimer bound to 14-3-3c and MEK1 (Figure 1F). Incorporating this

model into the larger model then produced our full signalosome model.

In simulations of this full model, two paired C-Raf linkers developed extensive but nonspecific
interactions with each other, with an interface of ~3400 A2. The unstructured linkers introduce
structural “fuzziness” to the signalosome, which is often seen in signalosome complexes®® and may,
through the so-called “fly-casting” mechanism,® produce a large capture radius for Ras-Raf and Raf-

70.7 the pSer338 and pTyr341 residues on the

MEK interactions. Consistent with previous studies,
linkers developed favorable trans interactions with the aC helices of the C-Raf kinase domain dimer
(Figures S9B—S9D), stabilizing the dimer. Although other pairing patterns are possible in principle,
we adopted a n/n+4 Raf pairing, by which Raf n consistently dimerizes with Raf n+4 for our
signalosome model (Figure 1E). In a 100-us simulation, the 8-protomer signalosome, especially its
core of K-Ras, remained stable (Figure S1B), and developed extensive interactions with the
membrane, with an interface area of ~472,000 A2, Many basic residues in the signalosome formed
ionic interactions with the membrane, enriching negatively charged POPS lipids in the membrane at

the interface (Figure 7D). This is consistent with indications that POPS depletion from the plasma

membrane reduces nanoclustering of GTP-bound K-Ras.”?
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The modeled Ras-Raf signalosome allows for regulation by GEFs and GAPs

GAPs, such as RasGAP, catalyze the hydrolysis of GTP in Ras to revert it to its GDP-bound state.’

3435 and to

Ras nanoclustering has been suggested to attenuate RasGAP-catalyzed GTP hydrolysis
sequester Ras from GAP binding.?>°® Consistent with these results, RasGAP is sterically prevented
from interacting with all but the tail K-Ras protein in the helical assembly. Based on an
H-Ras/p120GAP structure,*? GAP can dock to a tail K-Ras protein without steric clashes, provided
that the K-Ras protein is not bound to Raf (Figure 7E). GAP can then convert the tail K-Ras protein
to the GDP-bound state, preventing any additional K-Raf protein from joining the helical assembly
and promoting dissolution of the signalosome. Compared to the other K-Ras molecules in the
signalosome, the tail K-Ras is most exposed and likely the least stable. We thus anticipate that under

GAP regulation, a signalosome will eventually disassemble by one tail-position K-Ras falling off at a

time.

Based on a structure of H-Ras in complex with the GEF protein SOS1,7* a SOS1 protein in active
conformation can also dock to the tail K-Ras protein (Figure 7F). By ensuring that the tail K-Ras
protein is in the GTP-bound state, ready to receive another K-Ras protein into the signalosome, SOS1
may help maintain and grow the signalosome. SOSI is activated in part by an allosteric GTP-bound
Ras pro‘[ein,74 which our model accommodates. The model predicts, moreover, that if an active SOS1
protein docks to the tail K-Ras protein #, it additionally engages K-Ras n—3 in a secondary
interaction in which a helical hairpin of SOS1 is inserted into the switch II pocket of K-Ras n—3
(Figures 7F and 7G). This secondary Ras-SOS1 interaction may contribute to the specificity of SOS1
in regulating MAPK signaling. One consequence of this SOS1 interaction is that it may place an
upper limit on the height (and thus overall size) of the signalosome, since SOS1 is membrane-

anchored by its PH domain, and thus has only limited “reach” from the membrane.
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Discussion

The Ras-Raf signalosome model we propose here entails a host of multivalent interactions, whereby a
K-Ras protein may interact with up to six others simultaneously, and a Ratf RBD may interact with
three K-Ras proteins and one Gal-3 protein. Although many of the pairwise protein-protein
interactions in the signalosome—including the GTP-mediated dimerization of K-Ras—are likely to
be weak, these cooperative interactions should, by a nucleation-like process,” produce a signalosome
that stabilizes the active state of K-Ras, provides favorable composite interfaces for Raf recruitment,
and sequesters K-Ras from down-regulation, thereby yielding a switch-like and sustained response to

input signals.

It is well known that membrane localization is required for Ras activity, and furthermore that lipid
composition and the local structure of the membrane also significantly affect Ras clustering.*’
Indeed, the presence of the membrane is essential for its role in promoting GMA dimerization (by
raising the local concentration of K-Ras and restricting its orientation in favor of dimerization) and
thus signalosome formation, even though K-Ras farnesyl groups are not buried in the membrane in

our model.

Proteins downstream of Ras may also affect signalosome formation. Certain small-molecule
inhibitors of B-Raf give rise to so-called “paradoxical activation” of Raf by inducing C-Raf/B-Raf
heterodimerization and even C-Raf homodimerization,®* and also promote Ras nanoclustering by
inducing more, but not larger, Ras nanoclusters in cells.”® Consistent with this surprising B-Raf
inhibitor effect, our model suggests a scenario in which enhanced Raf dimerization promotes nucleus

formation and in turn, signalosome formation.

The K-Ras helical assembly provides a possible explanation for why wild-type K-Ras acts as a tumor

suppressor in cells driven by oncogenic K-Ras mutants.””’® Wild-type K-Ras, which is
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predominantly GDP-bound and cannot serve as a GTP donor, may inhibit the growth of a helical
assembly by capping it at the tail position. This scenario is consistent with the D154Q K-Ras mutant
being inactive as a tumor suppressor,'? since the D154Q mutation at the acceptor interface may
prevent the mutant from assuming the tail position. This rationale leads us to predict that mutations
at the donor interface (e.g., K147D and R161E) should not disrupt the tumor suppressor activity, as
these mutants should still be able to assume the tail position and cap helical assemblies of oncogenic

K-Ras mutants.

We do not expect the signalosome model to be relevant to all Ras signaling pathways, which may use
a variety of other structural mechanisms. The GMA K-Ras dimer model and, by extension, the
K-Ras helical assembly are almost certainly inapplicable to PI3K activation (see SI). Lys128 and
Argl35, two key residues at the putative GMA dimer interface, are conserved in H-Ras and N-Ras,
but overall in only 6 of the 13 human Ras isoforms,* and homology analysis (Figure S2J) shows that
these two residues are not well conserved in evolution, suggesting that the signalosome structure is
not general to small G-proteins. Lys128 and Argl35, however, are conserved in mammals, and the
signalosome model is likely to be broadly relevant to mammalian MAPK signaling. In many
respects, findings on H-Ras nanoclustering echo those on K-Ras,** and our signalosome model is
consistent with the structures of other Ras and Raf proteins (such as N-Ras, H-Ras, A-Raf, and B-
Raf) involved in MAPK signaling. With local alterations, our model may be extendable to those Ras
and Raf proteins and provide a framework for understanding their overlapping, yet distinct roles in

MAPK signaling.
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Figure 1. Outline of the structural model of a Ras-Raf signalosome. A. The GTP-mediated
asymmetric K-Ras dimer model. Residues contacting the membrane (mesh) are shown in purple; the
GTP at the interface is in red. B. The (8-protomer) K-Ras helical assembly with illustrative cartoons.
C. The K-Ras helical assembly (pink), decorated with C-Raf RBD and CRD domains (green) and
Gal-3 proteins (yellow). D. The signalosome model on the membrane. The 8-protomer model
contains four catalytic units at the periphery. E. Diagram of the signalosome model with a helical
wheel representing the Ras assembly at the center. To illustrate how the signalosome could grow
beyond 8 protomers, 16 protomers are shown. F. One catalytic unit centered on a Raf kinase dimer.
ATP and phosphorylated Raf residues (pSer338, pTyr341, and pSer621) are in red. G. Previously

resolved structures used as building blocks in the modeling: the K-Ras monomer” (PDB 4DSN), H-
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Ras/Raf RBD complex*® (PDB 4GON), C-Raf CRD®*® (PDB 1FAR), Gal-3%! (PDB 3ZSM), C-Raf
kinase domain dimer®* (PDB 30MV), B-Raf/MEK 1 complex® (PDB 4MNE), and 14-3-3c dimer
bound with C-Raf phosphopeptide® (PDB 4IEA).
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Figure 2. The GTP-mediated asymmetric dimer model of K-Ras. A. Snapshots, taken at the
simulation times shown, of the GTP-mediated dimerization of membrane-anchored K-Ras proteins

(top view; membrane shown as a mesh). B. Upper panel: RMSD of the two K-Ras proteins in the
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solvent and in the membranous simulation of K-Ras dimerization with respect to the final GTP-
mediated asymmetric K-Ras dimer model (the snapshot at 100 ps from the simulation shown in (A)).
Lower panel: the Argl35 distance to the GTP y-phosphate at the dimer interface in the simulations.
C. Comparison of the GTP-Arg135 (or Lys128) interaction with the GAP “arginine finger.” D. The
dimer interface; only part of the acceptor is shown. E. All 12 NMR-identified residues' involved in
K-Ras dimerization, shown with respect to the GMA dimer interface. F. The conformations of the
switch I and II regions in simulations of the GMA dimer. G. Distributions of K-Ras membrane
orientations in simulations of a K-Ras monomer, an RBD-bound K-Ras monomer, and the GMA
dimer in the membrane environment; the orientations are mapped to a 2D space defined by the
distances of the GTP B-phosphorus (BP) and the GTP amine nitrogen of the guanine ring (N2) to the
membrane plane (see Figures S2D and S2E). The a and f regions correspond to the o and 3
orientations,>’ respectively; in the former, the 04 and a5 helices contact the membrane, and in the

latter, the B strands do.
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Figure 3. Mutagenesis validation of the GMA dimer interface. A. The residues involved in the
salt bridges at the dimer interface. B. Residue contacts at the dimer interface (black and red lines).
Red lines highlight E62-K 128 and GTP-yP-R135 contacts, which alternate with E62-R135 and yP-
K128 contacts. C. G12, G13, and Q61 oncogenic mutation sites at the GMA dimer interface. D. The
stability of the G12C, G12D and G12V GMA dimers in simulations in terms of Ca RMSD. E. BRET
signals, which provide an indication of K-Ras assembly, for WT K-Ras and three oncogenic mutants
at three different FBS concentrations. . F. Growth rates of K-Ras"/K-RASMUT cells shown as
confluence values measured by IncuCyte. Results are averages of three duplicates with error bars
(which are invisible if smaller than the symbols). G12C or G12D are in the background of the tested
mutations. Representative images at the end point are shown in Figure S4A. Cells were kept in 0.1%
FBS (see Figure S4B for curves obtained in 0.5%, 1%, and 10% FBS). G. Phosphorylation of ERK
and AKT in K-Ras"/K-RASMUT cells. Cells were lysated after 48 hours incubation. See Figure S4C
for the phosphorylation at other FBS levels. H. CFP emission in HEK293T cells co-transfected with
CFP- and YFP-fused K-Ras (wild type and various mutants), where binding between the CFP- and
the YFP-fused protein would bring the fluorescent tags into close proximity, leading to an increased

CFP emission after YFP bleaching. Error bars represent mean + standard deviation (** denotes
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p < 0.05 by unpaired Student’s t-test; ns stands for not significant). G12C or G12D is in the

background of the tested mutations.
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Figure 4. K-Ras/K-Ras and K-Ras/RBD interactions in the signalosome model. A. Cartoon
representation of the relative positions of K-Ras proteins and RBD domains in the model; the
membrane is shown as a mesh, and GTP in red. B. Left panel: the primary (with K-Ras 5), secondary
(with K-Ras 6), and tertiary (with K-Ras 2) RBD-Ras interactions (of RBD 5); a fourth K-Ras (K-Ras
1) is shown for geometric context. The secondary and tertiary interface residues (and GTP) are
colored in red and orange. Right panel: close-up of the Ras-RBD interactions. C. Center panel: three
K-Ras proteins engaged in primary, secondary, and tertiary interactions with one another; the
interface residues are shown in yellow and GTP in red. Left and right panels: close-ups of the

secondary (stacking) and tertiary Ras-Ras interactions, respectively.
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Figure S. EM images with negative stain of K-Ras assembly. A-D. K-Ras wild type at 10 uM
concentration; maleimide lipid percentage used is shown. E. 2D class average of the K-Ras wild-
type particles. F. D154Q K-Ras at 10 uM concentration, 20% maleimide lipid. G. K88D K-Ras at
10 uM concentration, 20% maleimide lipid. H. Workflow of the experiment: After incubation with
the monolayer lipid overnight, the K-Ras particles were moved to a carbon-coated copper grid,

washed intensively, negatively stained, and examined by EM.
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Figure 6. Mutagenesis validation of the secondary and tertiary K-Ras/K-Ras interactions. A.
[lustration of the locations of the tested mutations, including those at the primary interface shown in
Figure 3F-3H (green) and those at the secondary and tertiary interfaces (yellow). B. Proliferation
rates of K-Ras"/K-RASMYT cells of K88D, Q129L, and R149D in the background of G12C or G12D.
Results are averages of three duplicates with error bars. Representative images at the end point are

shown in Figure S4D. See Figure S4F for results obtained in 0.5% and 10% FBS. C.
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Phosphorylation of ERK and AKT in K-Ras/K-RASMYT cells. See Figure S4E for the
phosphorylation in 0.5% and 10% FBS. D. Left panel: endpoint BRET measurements of K88D,
QI29L, and R149D in the background of G12D, compared with the G12D mutation only; D154Q is
included as a positive control. K-Ras construct (Residue 1-166) lacking the membrane-anchoring
HVR was also used as a control (Figure S5F). The BRET signals were normalized to the maximum
signals of G12D. An acceptor/donor expression plasmid ratio of 200:1 was chosen for comparing the
K-Ras mutants. Right panel: co-transfection of increasing ratios of donor and acceptor plasmids,
which allows discrimination between specific and unspecific (random collision) protein-protein
interactions. E. Fluorescent imaging of Raf localization of K-Ras mutants K88D, Q129L, and
R149D; K-Ras wild type and Q61H as positive controls, and E37G, C185S, and K-Ras-free cells as

negative controls.

41


https://doi.org/10.1101/2020.07.15.165266
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.15.165266; this version posted July 15, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

' 8% LeeD

NEST | Membrane
e el ol L8

~ POPC POPS

Ras
stacking

inhibitor

Figure 7. Ras interactions with Gal-3 and Raf RBD and CRD domains. A. Side views of the
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interactions of two stacking K-Ras proteins with Gal-3 and C-Raf RBD and CRD domains. Center
panel: the relative positions of K-Ras, Gal-3, and Raf RBD and CRD domains. K-Ras and RBDs are
shown as spheres, CRDs as ribbons, and Gal-3 proteins as ribbons surrounded by mesh. Left panel:
the K-Ras proteins with RBDs and Gal-3 proteins in cartoon representation; the galectin-bound
fCys185 residues of K-Ras are shown in blue and purple, and Gal-3—RBD interfaces are marked in
red. Right panel: positions of CRD domains and Gal-3 proteins with respect to RBD-bound K-Ras.
Ras-CRD interfaces are marked in purple. Also labeled is the 02 helix in the switch II region of K-
Ras involved in the interaction with the CRD. B. Top view of the RBD interaction with Gal-3. Two
K-Ras proteins, which form a GTP-mediated dimer, are shown as faded images. The fCys185 of K-
Ras 2 is shown. C. K-Ras membrane-contacting residues (yellow) in the base tier. D. Membrane
imprint of the K-Ras and Gal-3 proteins of the base tier, which is enriched in POPS lipids. E. GAP
interacting with the tail K-Ras (K-Ras 8) of the helical assembly. F. SOSI interacting with the tail
K-Ras. In the secondary SOS1/K-Ras interaction the SOS1 helical hairpin (yellow) is inserted into
the switch II pocket of K-Ras 5. G. Three interactions utilizing the switch II pocket: the secondary
SOS1/K-Ras interaction, the K-Ras/K-Ras stacking involving the 2-B3 turn (green), and covalent

G12C inhibitor binding (cyan).
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